Separation of process induced distortions in curved composite laminates by Garstka, Tomasz
                          
This electronic thesis or dissertation has been





Separation of process induced distortions in curved composite laminates
General rights
The copyright of this thesis rests with the author, unless otherwise identified in the body of the thesis, and no quotation from it or information
derived from it may be published without proper acknowledgement. It is permitted to use and duplicate this work only for personal and non-
commercial research, study or criticism/review. You must obtain prior written consent from the author for any other use. It is not permitted to
supply the whole or part of this thesis to any other person or to post the same on any website or other online location without the prior written
consent of the author.
Take down policy
Some pages of this thesis may have been removed for copyright restrictions prior to it having been deposited in Explore Bristol Research.
However, if you have discovered material within the thesis that you believe is unlawful e.g. breaches copyright, (either yours or that of a third
party) or any other law, including but not limited to those relating to patent, trademark, confidentiality, data protection, obscenity, defamation,
libel, then please contact: open-access@bristol.ac.uk and include the following information in your message:
• Your contact details
• Bibliographic details for the item, including a URL
• An outline of the nature of the complaint
On receipt of your message the Open Access team will immediately investigate your claim, make an initial judgement of the validity of the
claim, and withdraw the item in question from public view.
SEPARATION OF PROCESS INDUCED DISTORTIONS 
IN CURVED COMPOSITE LAMINATES 
by 
TOMASZ GARSTKA 
A dissertation submitted to the University of Bristol in accordance with the 
requirements of the Doctor of Philosophy in the Faculty of Engineering 
Structures and Materials Group, 
Department of Aerospace Engineering 




Residual stresses arising in composite components during the curing process can cause 
cracking of the matrix and significant distortions leading to difficulties in assembly and 
decrease of component performance. The residual stresses in polymer composites arise 
primarily due to the anisotropic thermal expansion of individual plies, cure shrinkage of the 
resin and tool-part interaction. 
This research focuses on the process induced residual stresses and distortions in AS4/8552 
composites. Experimental activities were performed in order to separate the relative 
contribution of thermal expansion, cure shrinkage and tool-part interaction to the final 
distortion of the composite component. 
The laser measurement technique was used in order to measure thermally induced spring-in of 
composite L-shaped components. Results show a linear relationship between applied 
temperature and the induced spring-in over temperatures ranging from 20 to 180° C. Results 
of the experimental work allowed the thermoelastic and non-thermoelastic portion of the total 
distortion to be separated. 
A novel approach has been developed to measure the changes in thickness of epoxy laminates 
during the whole cure cycle. The technique captures the thermal expansion during the heating 
stages, the laminate consolidation throughout the cure process, and also the cure shrinkage. 
The average through-the-thickness strains after the onset of gelation for samples cured 
according to the manufacturer's recommended cure cycle were found to be 0.48% for 
unidirectional and 0.98% for cross-ply laminates respectively. 
An instrumented ply technique for monitoring strain in the sample during cure, was used in 
this study on both flat and U-shaped laminates. Experiment results show that the development 
of the tool-part interaction induced strain in the laminate generally follows the thermal 
expansion of the tool with the final strain being measured as about 25 % of the tool strain for 
flat laminates and 35% of the tool strain for U-shaped laminates. 
A 2-D finite element approach was devised in order to investigate the development of the 
residual stresses and spring-in angle during cure of composite C-shaped and L-shaped 
laminates. Generalized plane strain elements were used to model a section of a long structure 
that can expand axially or is subjected to axial loading. The model takes into account the 
effect of tool-part interaction, consolidation, and interaction between the plies, cure shrinkage 
and residual stress development on the cool down from the curing temperature. Finite element 
results are in agreement with the experimental data. 
It was shown that the spring-in angle in composite C-shaped laminates is dependent on the 
laminate thickness. The spring-in angle decreases for thicker laminates. C-shaped laminates 
with a cross ply stacking sequence showed approximately 30% higher spring-in angle when 
compared to laminates with a 90° stacking sequence. Contrary to the results for the spring-in 
angles measured on the composite tubes, L-shapes exhibit decrease of the spring-in for 
thinner laminates. Both experimental and numerical results show higher spring-in angles for a 
cross ply laminate when compared to the spring-in angles measured on specimens with a 90° 
stacking sequence. 
It was also shown that the thermal expansion coefficient of the tool strongly affects the final 
spring-in angle. 
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Polymer composite materials are increasingly applied in demanding aerospace and 
automotive structures. While the potential for composite materials in numerous applications is 
great, the current use of these materials is made more difficult by the dimensional instability 
of the cured parts. Manufacturing induced stresses and deformations, Figure 1.1, are an 
unavoidable consequence of processing and must be accounted for in the initial design of the 
tooling in order to ensure the correct final part shape. 
Spring-in 
Bowing and twist of the 
web 
Bowing and twist of the 
arms 
Figure 1. I Process induced distortions in U-shaped laminate 
Currently, tool designers account for the process induced distortions based on their experience 
and through trial and error methods. This approach however, is not efficient and must be 
repeated for any change in the part dimensions. The magnitude of process induced distortions 
and residual stresses in the composite structure must be known before the part is put into 
service. 
1.1 Overview of composite processing by hand lay-up and autoclave moulding 
The composite material used in this study consists of unidirectional continuous AS4 carbon 
fibres embedded in the 8552 thermosetting polymer resin. The starting material for the 
manufacture comes in the form of prepreg, a 0.25 nom thick sheet of material in which the 
fibres have been impregnated with a carefully controlled amount of resin. In order to prevent 
progress in the curing reaction of the thermosetting resin, prepreg is usually stored in a freezer 
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at a temperature of approximately -20 C degrees. Prior to use, the prepreg is taken outside the 
freezer and left in a sealed bag until it reaches the room temperature. 
The individual plies of prepreg are then cut to the desired shape and moulded on the rigid 
tooling which provides the baseline geometry for the cured component. Further plies are then 
stacked on the top of each other to create the required thickness of the laminate. The strength 
and stiffness of the composite laminate can be controlled by varying the orientation of 
individual plies in the stack. 
1.1.1 Tooling 
During the fabrication of the composite part, the tool provides the structural shape for the end 
product, so the right choice of tooling material is critical in order to obtain composite 
components of the desired quality. There are several different materials used currently as 
tooling in the manufacture of composite materials. The group of mostly used materials 
includes machined steel, aluminium, invar and composite. The most important parameters 
influencing the choice of the tooling material are thermal expansion and thermal conductivity. 
Generally, process engineers prefer tools with low CTE because their dimensions remain 
stable throughout the cure cycle. However, for cost reasons tooling with a higher CTE may be 
used and, in some cases high thermal expansion of the tool can be beneficial by inducing a 
certain amount of strain in the fibres. Before starting the laying-up process, the tool surface 
should be cleaned and covered with a release agent or a polymeric release film which ensures 
easy removal of the composite part from the tool. 
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1.1.2 Curing and development of material properties 
After the laying-up process is completed, the part is covered with a release film, a layer of 
porous breather cloth, and a sheet of air-impermeable rubber or polymer film. The curing 
process of the composite laminate is achieved by exposing the assembly of the laminate and 
the tool to elevated temperature and hydrostatic pressure in the autoclave. High temperatures 
applied during the cure initiate and maintain cross-linking chemical reactions in the epoxy 
resin. A common cure cycle for the material used in this study consists of a slow heat-up to 
120°C, followed by a hold of approximately 80 min, and slow heat-up to the cure temperature 
of 180°C followed by a hold of approximately 2 hours. The autoclave is pressurized to 
approximately 0.7 MPa throughout the cure cycle. At the same time a vacuum is applied to 
the laminate in order to enable extraction of the entrapped gases. 
The structure and properties of the reinforcing fibres remain unchanged throughout the cure 
cycle; however, the thermosetting matrix undergoes a considerable transformation from a low 
molecular weight liquid monomer to a cross-linked polymer. There are two transitions 
occurring during the cure. The first one, gelation, is the irreversible transformation of the 
liquid polymer to a partially cross-linked viscoelastic gel. The second, vitrification, is the 
reversible transformation of the polymer from a rubbery to a glassy state. Vitrification occurs 
when the increasing glass transition temperature of the polymer becomes equal to the cure 
temperature. The mechanical properties of the composite laminate are closely linked to the 
cure of the epoxy resin. In general, the mechanical properties of the epoxy resin increase with 
an increase in the degree of cure. 
1.2 Mechanisms responsible for residual stresses and distortions 
Manufacturing induced deformations and residual stresses are an unavoidable consequence of 
the anisotropic nature of the composite material and the autoclave processing. A number of 
mechanisms have been identified causing residual stresses and distortions, including 
mismatch in the thermal expansion, cure shrinkage of the resin, cure gradients, volume 
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fraction gradients and tool-part interaction. These mechanisms usually act collectively 
through the curing process and may lead to severe changes in the laminate characteristic. 
1.3 Research objective and thesis outline 
The work described in this thesis relates specifically to the COMPAVS (Composite 
Processing Avoiding Variability and Stress) project, which was carried out in collaboration 
between QinetiQ, UK Aerospace Industries (Airbus UK, Agusta Westland Helicopters, and 
Bombardier Aerospace (Short Brothers)), and the University of Bristol. 
The main objective of this work was to separate out and provide fundamental understanding 
of the mechanisms that contribute to the distortion in curved composite components followed 
by the development of a numerical model of the curing process. In this study, the 
investigation of the causes of manufacturing distortions was separated into three experimental 
approaches: cure shrinkage measurements, thermoelastic analysis of curved laminates and the 
effect of tool-part interaction. Experimental investigation was followed by the development of 
a finite element model which was then correlated against the experimental results. The model 
allows for prediction of the process induced distortions in curved composite laminates and 
can help with design of tooling for thermosetting composite laminates. The research in this 
thesis is organized as follows: 
Chapter 2. Literature review 
In this chapter the current state of knowledge in the area of process induced distortions and 
residual stresses is reviewed. 
Chapter 3. Thermoelastic analysis of L-shaped laminates 
A laser reflective technique is used in this chapter in order to quantify the thermoelastic 
contribution to the final spring-in angle. The same technique is used to measure the through 
thickness thermal expansion coefficient of the composite laminate above the glass transition 
temperature. A simple 2D finite element model is developed to study the effect of corner 
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thickening in an L-shaped part on the thermally induced spring-in. Results are compared with 
the experimental data. 
Chapter 4. Cure shrinkage experiments 
A novel approach is presented to measure in-situ the through-the-thickness strains during 
processing of epoxy composites. The relationship between the chemical shrinkage and the 
degree of cure is deduced from a cure kinetics model. Relative contributions of cure 
shrinkage, thermal expansion and consolidation to the through thickness strain are separated. 
In parallel to the shrinkage measurements, ply pullout tests are performed on 
unidirectional specimens in order to indicate the position of the gel point in the curing 
process. 
Chapter S. The effect of tool-part interaction 
The work in this chapter is concentrated on the contribution of tool-part interaction to the 
deformation of thin laminates. A simple analytical model is presented which allows for 
estimation of the spring-in as a result of the combined effect of fibre wrinkling and tool-part 
interaction in thin composite laminates. 
Chapter 6. Process induced distortions in U-shaped composite laminates of uniform 
thickness and with taper 
An experimental activity was performed to give a better understanding of process-induced 
distortions occurring in long U-channel components of uniform thickness and with ply drop- 
offs. 
Chapter 7. Development of the process model 
A 2D 3-step finite element model is presented in this chapter. The model takes into account 
development of the residual stresses due to consolidation and tool-part interaction, cure 
shrinkage and thermal cool-down. 
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Chapter 8. Finite element results 
In this chapter, the finite element model described in chapter 6 is correlated with the 
experimentally measured spring-in angles on several C-shaped and L-shaped laminates 
manufactured on both aluminium and invar tooling. 
Chapter 9. Conclusions 
Results presented in this thesis are compared with previously available data from other 
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2 Introduction 
Residual stresses during cure can cause significant distortion of polymer matrix composite 
structures, leading to difficulties in assembly and increased cost. The main objective of this 
chapter is to provide an overview of the current state of knowledge in the area of process 
induced residual stresses and distortions. 
2.1 Understanding of residual stresses 
The residual stress is usually defined as the stress which exists in an elastic solid body in the 
absence of, or in addition to, the stresses caused by an external load. In metallic structures 
such stresses can arise from deformation during cold working such as cold drawing or 
stamping. In the case of composite materials residual stresses can be classified into two 
groups, with respect to the scale at which they arise. 
Micro-scale residual stresses develop in between the polymeric resin and fibres as a result of 
thermal expansion mismatch between the fibres and the resin, cure shrinkage of the resin and 
moisture absorption. The effect of residual stresses arising at the micro scale may be reflected 
in a reduction of the material strength as they may cause micro cracking; however the 
presence of these stresses usually does not lead to distortions because they arise at a very 
small scale and must equilibrate over a certain volume of material. 
Residual stresses that arise at the macro scale usually receive more attention since their 
presence may lead to significant distortions, laminate cracks and delamination. Macro-scale 
residual stresses develop in the laminate as a result of anisotropic behaviour of individual 
plies and constraint effects that individual plies impose on each other within the laminate 
stack. 
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There are number of mechanisms that have been identified as possible sources of residual 
stress development and distortion of composite laminates: 
" Difference in the thermal expansion between fibres and resin 
" Cure shrinkage of the resin 
" Moisture swelling 
" Gradients in the temperature and degree of cure 
" Fibre volume fraction gradients 
" Tool-part interaction 
" Laminate consolidation 
" Prepreg variability 
2.1.1 Development of residual stress and deformation on the cool down from curing 
temperature 
In the case of composite materials the expansion coefficient of the polymer matrix is usually 
much higher than that of the fibres. The thermal expansion of the carbon fibres can be even 
negative in the longitudinal direction. The difference in the free thermal strains between the 
resin and fibres leads to residual stresses at the micro-scale when the material is cooled down 
from curing to room temperature. The second mechanism which leads to the development of 
residual stresses on the macromechanical level is the difference in the free thermal expansion 
of the laminate plies. Usually the axial direction of the single ply has a much smaller thermal 
expansion coefficient than the direction transverse to the fibres. Exposing a laminate stack to 
a temperature change will cause in-plane stresses, which arise as a result of the constraint that 
the laminate plies impose on each other, Figure 2.1. 
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Figure 2.1 Compound isotropic beam: set up of free thermal strains (redrawn from ref. I) 
In the case of a laminate, which is not symmetric, the presence of in-plane residual stresses 
can lead to out of plane distortions. Macromechanical stresses are generally calculated based 
on the assumption that individual plies can be treated as transversely isotropic layers. The 
early work in this area can be traced to the elastic analysis of the thermal residual stresses in a 
thermosetting matrix composite by Hahn and Pagano [2]. A method of curing stress analysis 
based on thermal strains was formulated. The assumption was made that the laminate is stress 
free at the curing temperature and that the residual stresses increase during cool-down. This 
was based on the observation of the curvature of an unsymmetrical plate whose curvature was 
reduced to zero at the curing temperature. This technique was shown to give good results for 
relatively thin laminates where the assumption of uniform temperature is valid. 
Jones et al. [3] employed the classical laminated plate theory and the concept of analysing 
distortion of unsymmetrical laminates on the cool down to predict the in-plane stresses and 
curvatures arising as a result of temperature change. Similarly to Hahn and Pagano, Jones et 
al. assumed a stress-free temperature as being the temperature at which the deflection of an 
unsymmetrical plate was reduced to zero. 
Weitsman [4] and Harper and Weitsman [5] developed a method for evaluating residual 
stresses in cross-ply graphite/epoxy laminates, which incorporates linear viscoelasticity 
through the cool-down stage. Based on the comparison of results obtained from elasticity and 
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viscoelasticity analyses, they concluded that the viscoelastic relaxation of the matrix may 
reduce the thermally induced residual stresses by 20 %. Additionally, Harper and Weitsman 
[5] measured the curvature of the non-symmetrical cross-ply laminates that were cooled down 
at different cycles. The elastic prediction overestimated the curvatures while the viscoelastic 
approach was able to accurately predict the curvatures for the material used in their study. 
In his research Gigliotti [6] studied the development of curvature in unsymmetrical composite 
plates. The material used in his study was AS4/8552 unidirectional carbon epoxy. The shape 
of thin [0/90] unsymmetric composite plates subject to thermal stress was investigated 
through a Finite Element Model and results have been compared to solutions from classical 
lamination theory and the Rayleigh-Ritz approach. Geometrical nonlinearities play a 
significant role in the deformed shape of plates in a certain range of dimensions. With the 
introduction of geometrical nonlinearities, the analysis indicates the existence of a critical 
value of in-plane dimensions and temperatures at which the solution bifurcates. There is then 
an unstable saddle-like shape and two stable cylindrical shapes. One cylindrical shape can be 
snapped to the other by applying a temperature. It was shown that elastic predictions using 
both the ABAQUS finite element code and a Rayleigh-Ritz analytical prediction compare 
well with the experimental results. 
In the case of the angled composite sections studied here, the difference between the in-plane 
and the through-thickness thermal expansion coefficient leads to a reduction of the enclosed 
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Figure 2.2 Spring-in of a composite curved section 
10 
CHAPTER 2 LITERATURE REVIEW 
A simple formula (1) has been proposed by Nelson and Cairns [7] for predicting spring-in of 




AB=O . 1+a, AT 
(2.1) 
where: AO - spring-in angle, 0- initial angle of the component, a, - longitudinal coefficient of 
thermal expansion, a, - transverse coefficient of thermal expansion, AT - temperature change 
Radford and Rennick [8] studied the thermoelastic behaviour of composite angle brackets 
with varying stacking sequence, laminate thickness and sample radius. A laser reflection 
technique was used in order to measure changes of the included angle as the specimen was 
exposed to a temperature change. Results were plotted as the spring-in angle versus 
temperature as shown in Figure 2.3. Based on their results Radford and Rennick concluded 
that the thermoelastic contribution to the spring-in was independent of the laminate thickness 
and corner radius. Laminate stacking sequence was found to have a significant effect on the 
thermoelastic response. Specimens with a [0] and [0/+30/-30/0]s stacking sequence showed 
smallest thermoelastic response. This was attributed to a smaller difference of the through 













Figure 2.3. Change of the spring-in angle as a result of applied temperature 
CHAPTER 2 LITERATURE REVIEW 
Specimens with a cross-ply and quasi-isotropic stacking sequence showed the biggest 
thermoelastic spring-in when the temperature was reduced. The measured thermoelastic 
response was very close to the computed distortion, based solely on the in-plane and through- 
thickness coefficients of thermal expansion. Calculations, based on anisotropy, indicated that 
both the temperature change and cure shrinkage contribute significantly to spring-in; however 
their contribution does not account for the total distortion. The presence of additional 
mechanisms, like tool-part interaction and consolidation, was suggested to affect the final 
geometry of the component. 
2.1.2 Development of residual stresses and deformations during cure 
While the development of residual stresses in the fully cured material is relatively easy to 
characterize, the manner in which these stresses develop during cure has received less 
attention. 
In their investigation Levitsky and Shaffer [9] focused on the effect of the exothermic reaction 
on the degree of cure gradients and the effect of exothermic temperatures on the development 
of residual stresses. The heat-generation rate and temperature variation were derived from a 
first-order chemical reaction equation. The transition of the material from a liquid to a solid 
state was modelled by assuming that for intermediate times when the material is partially 
hard, it consists of an amorphous mixture of two components, one the initial state of the 
material as poured and the other the material in its fully hardened state, where the fraction of 
the second component in the mixture is equal to the degree of reaction. Through the 
application of various boundary conditions it was shown that residual stresses can cause high 
tensile stresses and cracks in the material. 
Kim and Hahn [9] monitored the warpage of unsymmetric laminate strips as a function of 
cure time. The material used in that study was T300/3501-6 graphite/epoxy. The experiments 
were performed on [04/904]T unsymmetric laminates. The curvature of the laminate was 
assumed to be directly related to the amount of differential thermal shrinkage, which induces 
stress. The development of residual stresses was interpreted through the change of laminate 
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distortion. It was found that the change of the curvature was very similar to the change of the 
degree of cure. Both the residual stresses as well as material mechanical properties such as 
strength and modulus were observed to increase rapidly after the gel point. Simple elastic 
predictions of the curvature were found to be in agreement with the experimentally observed 
curvature. 
Loos and Springer [11] developed models which describe the curing of composites 
constructed from continuous fibre-reinforced, thermosetting resin matrix prepreg materials. 
The models relate the cure cycle to the thermal, chemical, and physical processes occurring in 
the composite during cure. Experiments were performed measuring the temperature 
distribution and the resin flow out of the composite using specimens constructed from 
Hercules AS/3501-6 prepreg material. The calculated results were in agreement with the 
experimental data. 
White and Hahn [12,13] studied the behaviour of unsymmetric laminates employing 
viscoelastic formulations to predict residual stresses and distortions. The model presented in 
the paper is restricted to thin laminates, which arises from the assumption that the temperature 
field is uniform through the thickness of the composite plate. 
Gigliotti et al. [14] studied the development of residual stresses in [0/90] unsymmetric flat 
laminates (AS4/8552 composite system) by stopping the cure cycle at pre-determined points 
and evaluating the related level of deformation. Cylindrical shapes of consistent curvature 
were obtained and the "cured" curvature was eliminated by re-heating samples up to a 
certain temperature, designated as the stress free temperature, Tsf. The stress free temperature 
was also measured after the interrupted cure cycles: the evolution of the stress free 
temperature during the cure cycle allowed the vitrification point to be estimated. Both 
curvature and Tsf increase with increasing cure but level off after the vitrification point, 
attaining a constant value. The stress free temperature of samples cured beyond vitrification is 
systematically higher than their cure temperature. It is evident that a small percentage of non- 
thermoelastic stress is present in the structure, possibly due to resin chemical shrinkage. 
Gigliotti showed that the "cured" curvature is mostly driven by the transverse coefficient of 
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thermal expansion. From curvature-temperature profiles, it was deduced that the transverse 
thermal expansion coefficient was almost constant during the cycle, below Tg. Post-cure of 
laminates that have not been fully cured tended to increase their "residual" curvature, but the 
effect of the post-cure was found to be relatively small for specimens cured beyond the 
vitrification point. 
Ersoy et al. [15] used a similar approach to that presented by Gigliotti [14] to study the 
development of spring-in angle during cure of AS4/8552 thermosetting composite. C-shaped 
laminates were cured on the inner wall of an aluminium tube. The cure was then interrupted at 
various points during Manufacturer's Recommended Cure Cycle by quenching the tool and 
tube into water. The diameters of the specimens cured this way were measured and the spring- 
in angles for a 90° are of the specimens were calculated. The test data showed that the 
samples quenched at earlier stages of cure exhibit a larger spring-in and the spring-in angle 
reduces as the specimen is further cured. An explanation of this observation was given by the 
fact that, before vitrification the specimen was in the rubbery state during the temperature 
range between the cure temperature and the instantaneous glass transition temperature, and in 
this state it had a larger thermal expansion coefficient compared to that in the glassy state, 
causing more contraction in the through-the-thickness direction, hence more spring-in. 
2.1.2.1 Cure temperature gradients 
Curing thick laminates may lead to a non-uniform temperature distribution across the 
thickness of the laminate and as a result of that, a gradient in the degree of cure. In their study 
Levitsky and Shaffer [16] concluded that for neat resins temperature and cure gradients may 
lead to considerable internal stresses. The scope of work presented by Bogetti and Gillespie 
[17] was to develop a method for simulating the curing process of thick laminates. A one- 
dimensional cure simulation was coupled with an incremental laminated plate theory model to 
study the relationship between complex gradients in temperature and degree of cure, and 
process-induced residual stresses and deformation. The point during cure when the resin 
modulus begins to develop was shown to have a significant influence on the magnitude of 
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residual stresses that can develop in thick thermosetting laminates. Residual stresses were 
shown to increase with increasing laminate thickness, autoclave temperature ramp and cure 
shrinkage. It was shown that the assumption of a stress free temperature for residual stress 
predictions is not valid for thick sections. 
Twardowski et al. [18] compared the experimental temperature profiles of a thick part to the 
results predicted by a one-dimensional computer simulation, from which the effects of initial 
degree of cure and consolidation were investigated. Hojjati and Hoa [20] constructed model 
laws based on dimensionless parameters for cure of thermosetting composites and predicted 
the temperature and degree of cure distributions of a thick composite based on the model. 
Michaud et al. [21] predicted the cure behavior of a thick vinyl ester matrix composite 
manufactured by resin transfer molding and investigated the effect of cure inhibitors and 
fibres on the cure kinetics. 
2.1.2.2 Moisture swelling 
Moisture absorption by fibre reinforced epoxy laminates may result in a reduction in 
mechanical properties and a lower maximum service temperature. 
In his research on the hydrothermal stresses in composite plates, Gigliotti [19] argues that the 
effect of moisture on the residual stresses is smaller than that of temperature. However 
gradients in the content of moisture across the thickness of the laminate may lead to 
dimensional instability. 
Zhou and Lucas [22], studied the effects of a water environment on moisture absorption 
characteristics of a unidirectional T300/934 graphite/epoxy composite. Cracks, voids, and 
surface peeling were observed by scanning electron microscopy in specimens immersed in 
distilled water at elevated temperature for more than 8000 h. 
In their research Amara [23] et al. applied modified shear lag analyses to the investigation of 
transverse cracking in hygrothermally aged cross-ply laminates. A large reduction in 
Poisson's ratio was observed as the matrix crack density increased, while little or no reduction 
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in Young's modulus was noticeable. The trends in the Poisson's ratio versus crack density 
results can be explained on the basis of a shear lag theory and the known longitudinal and 
transverse strain state in the different plies. A comparison of the experimental and theoretical 
results showed that a satisfactory qualitative and quantitative agreement was obtained. 
2.1.2.3 Cure shrinkage 
Knowledge of the through-the-thickness induced strains during processing of composite 
laminates is crucial in order to manufacture components with high dimensional accuracy. 
During curing of thermosetting composites the resin undergoes cross-linking reactions that 
lead to an increase of material density and reduction in volume. Both thermal and resin 
shrinkage induced stresses can subsequently cause distortion and premature cracking of the 
composite molding [24,25,26]. 
Bogetti and Gillespie [17,27] suggested that residual stresses increase with resin shrinkage 
based on their analysis on thick section unidirectional laminates. Kim and White [28] 
modelled the influence of chemical shrinkage occurring in composite cylinders on the 
development of residual stresses. After including cure shrinkage strains into the model, tensile 
stresses were observed in the through the thickness direction of the laminate before cool- 
down. In comparison compressive stresses were observed when the cure shrinkage was not 
included. 
There are two general approaches used for determining material shrinkage: three-dimensional 
dilatometry or one-dimensional dilatometric methods. Three-dimensional dilatometers are 
usually used for the cure shrinkage measurements in neat resins; whereas one-dimensional 
dilatometers are usually more suitable for measuring cure shrinkage in fibre reinforced 
laminates 
Yates et at. [29] measured cure shrinkage of Derakane 411-48/MEKP, Epikote 
828/MNABDMA, XB2878A/XB2878B and DLS351BF3400 resins using a manometer 
dilatometer. Conclusions were drawn on the overall percentage volume contraction during 
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cure, the shape and time scale of the curing characteristics in relation to the state of 
completion of the curing process and the approximate location of the temperature below 
which no further shrinkage due to polymerization or cross-linking is likely to occur. 
Snow et al. [30] designed a simple capillary and bulb mercury dilatometer for specific volume 
measurements on thermosetting resin systems during the curing reaction. The design, 
calibration, operation, data treatment, and error analysis are presented in detail. The 
dilatometers 
of capillary type generally lack digital output of the volume change so the precision of the 
measurement is largely limited by the accuracy of visual observation. The instruments of 
plunger type overcome this by introducing complicated control systems to maintain the 
pressure balance and record signals automatically. 
Gillespie, Bogetti and co-workers [31,32] measured in-situ the chemical shrinkage of a low 
temperature cure resin system after gelation by using a density gradient column technique. A 
cure kinetics model was then cross-correlated to the measured cure shrinkage as well as 
modulus and glass transition temperature. 
Russell [33] used a volumetric dilatometer of a plunger type to measure shrinkage of Hercules 
3501-6 epoxy, Hercules 8551-7A toughened epoxy and BASF 5250-4 during a typical cure 
cycle, incorporating Dynamic Mechanical Thermal Analysis (DMTA) and dielectric cure 
monitoring. 
The volume changes of the materials during cure were then compared to results from dynamic 
mechanical analysis (DMA) and dielectric cure monitoring. Maxima in volume corresponded 
to minima in storage and loss modulus from DMA and maxima in the dielectric loss factor. 
Prasatya [34] measured chemical shrinkage of Hexcel 8551-7 thermoset epoxy using a 
pressurisable bellows dilatometer. The tests were performed at a constant temperature of 122 0 
C and 5 MPa pressure. It is general practice to use mercury as the fluid in dilatometers of this 
type which is highly toxic. The direct contact with fluid may also affect the cure of the resin 
systems in the test. 
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Zarrelli [35] measured chemical shrinkage for a TGDDM resin using liquid dilatometery at 
different curing temperatures. Measurements taken at different temperatures showed the same 
response of the specific volume change. A linear relationship between chemical shrinkage and 
degree of cure was fitted to the experimental data. There were no further specific volume 
variations when the resin reached the vitrification point at different temperatures. In the three 
cases in which measurements were possible over the entire curing cycle it had been 
established that major shrinkage occurs during the early stages of solidification, although the 
shrinkage characteristic vary in detail from one resin to another. 
Li et al. [36] developed a new approach to measure in-situ chemical shrinkage of epoxy resins 
passing through liquid, rubbery and glassy states. A small sample of MY750/HY917/DY073 
epoxy resin system, sealed in a thin-walled silicon rubber bag, was suspended in a pot of 
silicone fluid and weighed independently of the silicon bath. The buoyancy of the sample was 
monitored as its density increased with respect to the constant density fluid during isothermal 
cures at three different temperatures. The match of the results from three different cure cycles 
suggests that the cure shrinkage is only a function of degree of cure regardless of time and 
temperature. 
Due to the presence of the reinforcing fibres, three dimensional dilatometry techniques are not 
suitable for cure shrinkage measurements in composite laminates. For these materials cure 
shrinkage measurements are usually performed in the through the thickness direction only. 
Bilyeu and Brostow [37] determined volume changes during cure due to void elimination and 
shrinkage of an epoxy prepreg. A quartz dilatometry cell inside a Thermomechanical 
Analyzer (TMA) was used to measure the volume changes. Compression was applied at a 
temperature higher than the glass transition temperature to isolate the void elimination 
volume change. The change due to reaction shrinkage was observed by holding the resin at a 
long time at the cure temperature. Unidirectional and cross-ply composites were studied. Each 
sample exhibited approximately 0.5 % volume change due to cross-linking. 
Daniel et al. [38] measured warpage of prepreg cured on an identical layer of the same 
material that had already been cured and post-cured. The chemical shrinkage was calculated 
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by the recorded chemical shrinkage of the assembled laminate during cure by means of the 
shadow Moire method. 
Johnston [39] performed two sets of tests on cure shrinkage of AS4/8552 composite. In the 
first, ply cure shrinkage strains were calculated from continuous measurements of the change 
in dimensions of the test specimen during cure using TMA. In the second set, effective cure 
shrinkage strains were examined at the completion of a test using a procedure similar to that 
outlined in Daniel et al. [38]. First a unidirectional laminate was cured using a standard 
processing cycle. A second identical laminate was then laid-up on the cured laminate and the 
assembly subjected to a second processing cycle. Having the same lay-up, both parts of the 
assembly underwent (nearly) identical amounts of thermal deformation throughout the second 
process cycle. However, since the second laminate experienced cure shrinkage during this 
process cycle, and the already-cured first laminate did not, a warped final shape resulted. The 
magnitude of this warpage indicated the `effect' of the cure shrinkage. Measured effective 
cure shrinkage strains were more then an order of magnitude lower then the total cure 
shrinkage strains obtained by TMA. Using the 170 °C test measurements only, the total resin 
volumetric shrinkage was calculated to be unexpectedly-high 9.9%. 
2.1.2.4 Tool-part interaction 
During the fabrication of a composite part, it is the tool that provides the baseline geometry of 
the final product. During the autoclave cure cycle the composite laminate is pressed against 
the tool by the autoclave pressure and temperature is increased. Because of the low cost and 
good thermal conductivity, composite manufacturers often use aluminium or steel tools. 
However tools made from these materials have much higher thermal expansion coefficients 
than composite parts, and as a result, tend to stretch the parts as they heat-up. The tool-part 
interaction occurs from the very early stages of the curing process prior to any significant 
development of the laminate shear modulus. This can lead to gradients of in-plane stresses 
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Figure 2.4. The effect of the tool part-interaction induced residual stresses on the distortion of 
the flat laminate 
In the research conducted by Twigg [40] the instrumented tool technique was adopted in order 
to quantify shear stresses that arise at the tool-part interface during the curing process. Strain 
gauges were placed on the thin aluminium tool with the expectation that the tool-part 
interaction mechanism would generate strains in the tool sufficiently large to measure. The 
author concluded that a sliding friction condition dominates at the tool-part interface during 
the heat-up portion of the cure cycle before any significant material stiffness is developed. 
The degree of elastic constraint observed at low degrees of cure indicates an interaction 
between the fibre bed and the tool. This suggested that fibre stresses could develop even 
before the material reaches the point of gelation. The value of t$i, ding increases significantly 
with degree of cure. During the heat-up, T6i, ding is on the order of 30 kPa, while at the end of 
the cure cycle values can reach as high as 165 kPa. This suggests that the temperature ramp 
rate or intermediate isothermal dwells can influence the interfacial shear stress history and 
hence change final part shapes. Bonding between the laminate and the tool was occurring for 
specimens cured with no FEP release film. It was shown that the use of FEP release film 
completely prevented sticking of the composite laminate to the tool. 
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In her research on the tool-part interaction effects in flat laminates, Campbell [41] developed 
an instrumented ply technique, which allowed direct strain measurements on the composite 
through the autoclave cure cycle. Strain gauges were fixed to precured spots along Im, 
unidirectional specimens. The experimental results obtained from I and 4 ply thick 
laminates indicate a high degree of fibre direction stress, which builds-up from the early 
stages of the curing process. A high stress in the composite ply was not accompanied by a 
significant amount of curvature. Campbell concluded that the stress induced by the tool-part 
interaction was uniformly distributed through the thickness of the samples. Based on the 
strain readings along the laminate strip it was concluded that the stress builds up linearly with 
a shear stress of around 0.1 MPa at the tool surface before gelation. A maximum value of 
interfacial shear stress of approximately 0.16 MPa was reached after the material vitrified. 
The interfacial shear stress measured by Campbell was larger when compared to the 
experimental data obtained by Twigg [40], however it has to be stated that both researcher 
used different material systems in their studies. 
Melo and Radford [42] and Radford et al. [43] investigated the effect of the tooling material 
on the process-induced deformation. [0/90]s and [0]4 specimens were manufactured, using the 
top bleed technique, on ceramic and aluminium tools. The curvature of 250 mm long 
specimens was determined at 30°C and 100°C. The thermoelastic component of the curvature, 
related to the volume fraction gradient, was determined by subtracting the room temperature 
curvature from the curvature of the laminate at the curing temperature. It was concluded that 
volume fraction gradients as well as tool-part interaction contribute to the total part distortion. 
The tool-part interaction effect was more profound for components manufactured on 
aluminium tooling when compared with samples manufactured on ceramic tools. 
Ganley et al. [44] quantified the possible causes of spring-in in a unidirectional filament 
wound composite part. Those causes were found to include anisotropy with initial curvature, 
through thickness part inhomogenity, part compaction, and coefficient of thermal expansion 
mismatch between the composite part and the mandrel with an associated tension-lag. It was 
found that the primary contributor to the total spring-in (=90%) is the CTE mismatch between 
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the composite part and the mandrel with associated tool-part interaction induced stress 
gradient. 
In Darrow and Smith [46] three contributions to the spring-in process of angle brackets were 
considered. Experiments provided evidence that through thickness shrinkage, volume fraction 
gradient and mould expansion contribute to spring-in. The tool-part interaction was found to 
be a significant effect only for thin parts (t<2 mm). Similarly to the tool-part interaction, the 
contribution of the fibre volume fraction was only significant for thin parts, where the 
affected region was significant when compared to the whole laminate thickness. 
In their research Albert and Fernlund [47] determined the effect of design and process 
parameters on spring-in of angle ply thermosetting laminates. The deformation of the 
component arising from the tool-part interaction was found to be strongly dependent on 
laminate thickness, flange length, tooling material and tool surface condition. 
2.1.2.5 Consolidation 
Laminate consolidation during autoclave processing has a significant impact on the final 
thickness profile of a composite laminate. A fundamental understanding of the compaction of 
high flow thermoset matrix composites has been given by Loos et al. [11], Gutowski et 
al., [48,49], Dave et al., [50], Ciriscioli et al. [51], Tang et al., [54], Poursartip et al., [55] by 
studying laminates having simple geometries. These studies were principally focused on 
composite systems processed in an autoclave under bleed conditions. On the other hand, little 
attention has been given to the compaction of complex shaped laminates which represent the 
practical use of composites in structures. Some exceptions are authors who have studied the 
compaction of cylindrical laminates processes by filament winding (e. g. Cai and Gutowski, 
[52]), while Radford [53] measured fibre volume fraction gradients in angle laminates and 
their effect on the angle spring-back. 
Hubert and Poursartip [56] measured the fibre bed compaction curve directly for AS4/3501-6 
composite prepreg. The unidirectional composite specimen was loaded in the vertical 
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direction, which was the main deformation mode of the fibre bed. A uniaxial testing condition 
was obtained by preventing distortion in the transverse direction by means of the mould walls. 
The compaction curve of the fibre bed was extracted from the measured displacement and 
applied load. 
In their study Hubert and Poursartip [57] performed experimental investigations on the 
compaction of composite angle laminates. Studies were performed on two types of material, 
low viscosity AS4/3501-6 and high viscosity AS4-8552 composites. It was observed that the 
low viscosity resin AS4/3501-6 laminates exhibit more resin loss than the high resin viscosity 
AS4/8552 laminates. In the flat section, the total compaction strain under bleed conditions 
was principally caused by percolation flow for AS4/3501-6. For AS4/8552 the total 
compaction strain was a combination of percolation and compaction strain caused by the 
collapse of voids introduced during lay-up. At the corner, high strains due to shear flow were 
observed for a [90°] lay-up, creating corner thinning for a convex tool and corner thickening 
for a concave tool. Finally, the fibre volume fraction gradient measured through the thickness 
and in the longitudinal direction confirmed that under bleed conditions, net percolation of the 
resin occurs from the tool to the bleeder. Under no-bleed conditions, a small amount of 
internal percolation can be observed from the corner to the flat section of the angle. 
2.1.2.6 Prepreg variability 
In his study on the point to point variability of AS4-8552 prepreg Potter [58,59] compared 
mass per unit area and ply thickness variations on a more detailed level than that provided in 
the specification of the material by the manufacturer. A consistent difference in the mass per 
unit area of the prepreg across the roll was found. Samples located on the outside of the roll 
had a smaller mass per unit area than the samples located on the inside of the roll. The 
prepreg mass per unit area specification of 406 g/m2 based on 100 cm2 samples was found to 
vary from 389 to 419 when the size of the sample was decreased to 25 cm2. Potter concluded 
that the variability in the prepreg could lead to dimensional instability in thin laminates. Point 
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to point variability in the fibre volume fraction laminates may lead to the development 
residual stresses and distortions. 
2.2 Modelling process induced stresses and distortions 
Due to the complexity of the material behavior, numerical analysis is increasingly chosen in 
the simulations of process induced residual stresses and distortions. Various researchers have 
conducted numerical predictions of the composite curing stresses using analytical equations 
or finite element (FE) formulations. 
Most of the early work was limited to one dimensional simulations. Pusaticiouglu [60] 
investigated the temperature gradient developed during casting of polyester resin by solving 
one-dimensional heat transfer equation using the experimentally predetermined cure kinetics 
and thermal conductivity. Loos and Springer [19] developed a one-dimensional model to 
simulate the cure process of a flat plate by solving the governing equations using a finite 
difference method. 
With the increase of the computing power more sophisticated 2D and 3D finite element 
process simulations were developed. 
Johnston et at. [39] developed an integrated model for prediction of process-induced stress 
and distortion of composite structures. A finite element model employing an incremental, 
instantaneously linear elastic, plane strain formulation was used to analyse major sources of 
process induced distortions including: thermal strains, resin cure shrinkage, gradient in 
temperature and degree of cure, resin flow and mechanical constraints caused by tooling. The 
interaction between the laminate and the tool was modelled using an elastic "shear layer" with 
a varying shear modulus depending on the tool-part interface condition. Numerical 
predictions compared quite well with experimentally measured spring-in angles for laminates 
with 0° and quasi isotropic stacking sequence, however predictions for a [90]24 laminate was 
much lower than measured. Relative magnitudes of spring-in angle predicted by Johnston 
correlate with results obtained by Rennick and Radford [8] and Patterson et al. [66]. 
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Albert and Fernlund [67] using the model developed by Johnston [39] studied the effect of 
design and processing parameters on the spring-in of curved laminates. Samples were 
manufactured on male tools of both aluminium and steel. Results of this study show that the 
quasi isotropic parts give a greater spring-in than parts with a 90° stacking sequence only. It 
was observed that thin part had greater spring-in than corresponding thick parts, especially 
when no FEP release ply was used. Part shape was shown to have a very little effect on 
spring-in which disagrees with the previous work carried by Fernlund et at. [68]. Composite 
laminates processed using a two-hold cycle gave substantially more spring-in than parts 
processed using a single hold cycle. It was also observed that the effect of tool-surface 
condition has a significant influence on the process-induced distortions. Parts processed 
without FEP release sheet had considerably higher spring-in than those processed with an 
FEP sheet. Samples manufactured on aluminium tooling gave more spring-in then those 
manufactured on steel tools, however the effect of the tooling material is negligible for parts 
processed with a I-hold cure cycle. 
In their study Wiersma et al. [61] developed a 3D finite element model of a composite L- 
shape. 
The thermal expansion coefficient across the fibres and the stress-free temperature were found 
to be the most important material parameters. The relative change in these parameters was 
equal to the relative change in spring forward. The authors showed that the room temperature 
spring-in could not be predicted completely from the mismatch in thermal contraction due to 
cooling from the stress free temperature to the ambient temperature; the prediction was about 
67% of the actual value measured experimentally. The thermoelastic model showed that the 
thickness of the laminate and the specimen radius had almost no effect on the predicted 
spring-in, which agrees with experimental results from Rennick and Radford [6]. The cure 
cycle was modelled to study the influence of an inhomogeneous heat distribution (especially 
in the corner) on the spring-in. Finite element analysis of the heat distribution during the cure 
cycle showed that the variation of temperature present in the corner of the L-shape specimen 
was too small to make a significant contribution to the final spring-in. A viscoelastic model 
25 
CHAPTER 2 LITERATURE REVIEW 
was used to investigate the effect of the mismatch in thermal expansion between the 
composite laminate and the tool. The laminate was assumed to be in contact with the 
expanding tool through the analysis. Results of the analysis showed that the tool expansion 
during cure has a significant effect on the final deformation. Simulations were performed with 
tools having CTE=O , 12x10"6,25x10-6. Decreasing the thermal expansion of the male tool was 
shown to decrease final spring-in. 
Predictions of the model showed a 12 % increase in the spring-in for samples cured on the 
aluminum tools when compared to laminates cured on steel tools. In Jain at al. [62] a similar 
increase if spring-forward can be recognized when comparing their results for steel moulds 
with those for aluminium. Lee and Springer [45], investigated the effect of interaction 
between an expanding mandrel and a composite. A mandrel and a laminated cylinder were 
considered as an assembly with different material properties in each layer. When comparing 
the modelling results with experiment it was found that the model over-predicts the effect of 
tool-part interaction. This was attributed to the presence of slippage on the tool-part interface 
which occurs in the real case. 
Experimental work carried out by Svanberg and Holmberg [63,64,65], demonstrated that 
models for residual stress development and shape distortions must account for thermal 
expansion (different in the glassy and rubbery state), chemical shrinkage due to the cross 
linking reaction and stresses that are locked in the component as the resin vitrifies. A 
simplified mechanical constitutive model was derived from linear visco-elasticity. The rate 
dependent behaviour was replaced by a path dependence of the state variables: strain, degree 
of cure, temperature. When compared to a cure simulation using fully visco-elastic 
mechanical model the presented model loses a bit of accuracy, however it leads to significant 
savings in computational time. When compared to elastic models the simplified constitutive 
model captures all the mechanisms during a two-step cure schedule, which a general elastic 
model does not. 
Zhu et al. [69] developed a fully 3D coupled thermo-chemical viscoelastic finite element 
model which was then used in their study on the effect of heat transfer, curing and residual 
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stress development on the spring-in of angled laminates. Special emphasis was placed on 
capturing the complex evolution of the material response through the cure cycle. The finite 
element model was correlated with the experimental results obtained by Kim and Hahn [9] in 
their studies on the development of curvature in cross-ply asymmetric laminates. The 
predicted values correlate quite well, in particular the finite element code is able to capture the 
sharp increase in residual stress during the process of gelation. Simulations of spring-forward 
have shown that the value of final deformation predicted by the viscoelastic model of the 
whole curing process is much larger then that predicted by the elastic model or a viscoelastic 
model of the cool-down process only. Similarly to previous researchers, the 3D finite element 
model of Zhu underlines the importance of tool-part interaction. In particular the spring- 
forward is substantially less with a female mould than with a male mould. 
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L-shaped laminates 
Chapter 3 THERMALLY INDUCED SPRING-IN 
3. Introduction 
Distortion in curved composite shapes is commonly attributed to the anisotropy which results 
from differences between in-plane and through the thickness properties of laminated 
composites. This produces spring-in, as shown in Figure 3.1. 
-"- Initial shape 
Final shape 
Figure 3.1 Spring-in of a composite L-section 
An experimental approach is presented in this chapter which separates the thermoelastic and 
non-thermoelastic contributions to the spring-in, in an attempt to provide a better 
understanding of the mechanisms affecting manufacturing distortions. The laser reflection 
technique developed by Radford and Rennick [8] was modified and used to measure 
thermally induced angle changes in curved L-shaped composite laminates. 
3.1 Experimental 
3.1.1 Specimen preparation 
All specimens in this study were fabricated by hand cutting and lay-up of a carbon fibre / 
epoxy prepreg material, followed by autoclave curing. The material used was AS4/8552 
unidirectional tape manufactured by the HEXCEL Company. The thickness of a single ply 
was equal to 0.25 mm and the nominal fibre volume fraction provided by the manufacturer is 
equal to 57 %. 
All specimens used in this study were manufactured on flat aluminium and curved aluminium 
and invar, female tools, Figure3.2. Assigning the side of the prepreg with the backing paper as 
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the bottom side and the side with the film as the top side, the bottom side of the prepreg was 
always placed adjacent to the tool and the additional strips were subsequently added with the 
bottom side down. The thickness of all specimens varied from 0.25 to 4 mm. The stacking 
sequences were referenced with 90' following the curvature around the corner and 0' 
following the axial direction of the tool. After the curing process was completed and samples 
were removed from the tool, 5 mm of the laminate was trimmed from each edge using a 
diamond saw. 
Figure 3.2 Geometry of the invar and aluminium tool. 
3.1.2 Tool preparation and lay-up 
Before starting the lay-up process the mould was cleaned with acetone, and two types of 
release agents were applied: 
- Frekote B-15 





Frekote B-15 is used for covering mould porosity and small surface imperfections. Frekote 
770-NC was applied after 30 minutes time. It allows for easy removal of cured parts and good 
slip of the prepreg vs. tool. 
Each ply of the prepreg was carefully laid-up on the side of the mould. A vacuum was applied 
every 4 plies to remove air and minimize possible effects of corner bridging. If not specified 
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otherwise, sides of the samples were dammed with cork, to minimize the effect of resin flow 
in the in-plane directions. The nylon vacuum bag was specially folded in the corner of the 
sample to allow a better bag alignment once the autoclave pressure was applied, Figure 3.2. 
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Figure 3.2. Cross-section through the mould during curing process 1. aluminium mould, 2. 
composite sample 3. release film 4. breather 5. plastic bag 
Specimens were cured in the autoclave. The nominal cure cycle used in the present research 
for the AS4/8552 composite system, as defined by the manufacturer, is shown in Figure 3.4. 




Hold 135 min 
180°C 
Hold: 75 min 
Heat-up at 2°C/min 
Cool-down at 1.2-3°C/min 
120°C 
r-------------------------- 
Vacuum: 0.1 MPa Pressure: 0.689 MPa 
Figure 3.3. Cure cycle for the AS4/8552 composite system 
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3.1.3 Room temperature geometry of the specimens 
The initial geometry of the specimens was established using a high precision 3D co-ordinate- 
measuring machine (CMM) BN710, equipped with a 40-mm long needle with 2-mm diameter 
ball. The specimens were fixed to the aluminium plate using a two part epoxy adhesive. 
Figure 3.4. 
"y cmm "nwr 
L-shaped component 
epoxy glue 
Figure 3.4. CMM measurements of the L-shaped specimens 
All measurements were carried out in a temperature-controlled room (200 Q. Samples were 
left for I hour in the CMM environment before taking the measurements, to minimise 
possible effects of temperature gradients and associated changes of geometry. Since most of 
the L-shaped specimens exhibit a small amount of arm bowing, the angle between the arms 
was taken as being the angle between lines drawn from the end of each arm to the end of the 
radius, to take account of the arm distortion, Figure 3.5. 
-p 
Figure 3.5 Definition of spring-in angle 
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3.2 Thermally induced strain in a flat unidirectional laminate 
Previously available information on the CTE of AS4-8552 composite comes from Johnston 
[39] where the value for the fully cured laminate in the direction perpendicular to the fibres 
was found to be 28.6x10"6. 
In their study on the development of curvature during the cure of [0/90], AS4/8552 
unsymmetric laminates Gigliotti et at. [6] concluded that the transverse coefficient of thermal 
expansion a2 remains almost constant below the glass transition temperature (Tg). The value 
of a2 back-calculated from the slopes of thermoelastic curves was found to be approximately 
30x10-6. 
A strain gauge technique has been adopted in order to directly measure the thermal expansion 
of AS4/8552 carbon fibre composites. The main advantage of the strain gauge technique over 
conventional dilatometry is the ability to perform the test over a large area by using a long 
gauge. The technique presented here exploits the differential thermal expansion of identical 
strain gauges bonded to a composite plate, of unknown CTE and a titanium silicate crystal, of 
known CTE approximately equal to 0 within the temperature range from 20 to 200 °C to 
provide temperature compensation for strain gauges. In the present study a half bridge strain 
gauge connection was used. The test piece was 1 mm thick, unidirectional carbon fiber epoxy 
composite cured on an aluminium plate. After curing, 5 mm of the laminate was trimmed of 
each edge in order to avoid any thermoelastic bending that could arise as a result of volume 
fraction gradients. The test was performed over a 100 °C temperature range. The initial 
temperature was 40 °C and the final temperature was equal to 140 °C, which was the 
operating limit for the type of wires used. The strain gauges were attached to the sample as 
illustrated in Figure 3.6. Five strain gauges of gauge length equal to 2mm (gauges 1-5) were 
bonded onto the composite plate with 10 mm spacing between the centre of each gauge. In 
addition to those, two strain gauges of 50 mm gauge length (gauges 6-7) were bonded on the 
opposite faces of the composite plate in order to compensate for any thermally induced 
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bending that could arise as a result of through thickness volume fraction gradients. CTE 
values were obtained after performing linear regression on the individual curves, 
Figure 3.7. It should be noted that the CTEs from the strain gauges of 2 mm gauge length 
exhibit variability reflecting the point to point variation of the CTE values along the plate and 
possible gauge misalignment problems. The average value of the CTE calculated from these 
five strain gauges is 32.6 and matches very closely the CTE measured using the 50 mm long 
strain gauges. 
150 11in 
Figure 3.6. Experimental set-up for measurement of the transverse thermal expansion 
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Figure 3.7. Thermally induced strain in the transverse direction of the laminate 
3.3 Thermally induced distortion in the L-shaped laminate 
In order to investigate the effect of temperature excursions on the change of the spring-in 
angle, a modified version of the laser measurement technique presented by Radford [8] was 
adopted. A small mirror was fixed to the arm of each specimen using a wire clip. The 
specimen was then attached with the other arm to a jig equipped with a reference mirror as 
shown in Figure 3.8. The laser was then aimed through the oven glass at the mirror and the 
position of the reflected beam was marked on the projection screen. Each specimen was 
measured with the laser measurement technique at 3 different elevated temperatures. The 
maximum temperature was the same as the specimen curing temperature, T=180° C. At each 
step the sample was left for Ih in order for the temperature to stabilize. 
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Wire clip 




Reflected laser beam 
Laser pointers 
Figure 3.8. Experimental set-up used during thermoelastic experiments 
The temperature of the sample was controlled using a thermocouple placed on the sample 
arm. Another thermocouple was placed at the same location on the other side of the specimen 
to ensure that there was no temperature gradient across the specimen thickness, which could 
possibly affect the measurement. 
3.3.1 Results and discussion 
The effects of the laminate stacking sequence, specimen thickness, radius, and the specimen 
arm length on the thermoelastic response were investigated. The results for each sample were 
plotted as the spring-in angle versus temperature. The slope of the plot was taken as a 
measure of the thermoelastic contribution to the spring-in, while the offset from zero was 
interpreted as the non-thermoelastic contribution. Typical representation of the thermoelastic 
response is shown in Figure 3.9. 
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Figure 3.9. The effect of temperature change on the spring-in angle 
3.3.2 Measurement accuracy 
One of the most important parameters affecting the measurement resolution of the thermally 
induced spring-in angles is the distance between the mirror attached to the specimen and the 
projection board on which the reading is made. With a distance equal to 15 m and the 
reflected spot centre reading accuracy off 2 mm, the change of the specimen angle can be 
obtained with a resolution of 0.01'. 
3.3.3 Stacking sequence effect 
The effect of the laminate stacking sequence on the thermally induced spring-in is plotted in 
Figure 3.10. All specimens were 2mm thick and were cured on the invar tool with a 20 mm 
radius. The thermoelastic response to the applied temperature is very similar for both cross- 
ply and angle ply laminates. In the case of 90' laminates the AO/AT is smaller, which results 
from the smaller difference of the in-plane, following the curvature, and the through-thickness 
thermal expansion coefficients, see section 3.4. This difference in the thermoelastic response 
for laminates with various stacking sequence is predicted by equation (1) as both the in-plane 
and the through thickness CTE's are affected by changing the ply orientation. 
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1.2 
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Temperature °C 
Figure 3.10. The effect of laminate stacking sequence on the thermoelastic spring-in. Invar 
tool 
An interesting observation was made on a specimen with a0 degree stacking sequence. The 
in-plane and through thickness thermal expansion coefficients of this laminate are expected to 
be very similar and that is why almost no angle change was observed when the sample was 
exposed to the temperature change. It is believed that the very small negative angle for the 
spring-in measured at room temperature was caused by a non-thermoelastic effect e. g. tool 
part interaction. 
3.3.4 Radius effect 
The simple spring-in formula does not predict radius to be a contributor to the thermoelastic 
component of the distortion. An experiment was performed in order to validate this. The 
thermoelastic component of the spring-in angle for specimens with varying radius is shown in 
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Figure 3.1 1. Three 4 mm thick samples were manufactured on the aluminium tool with 16 and 










R=20 mm (invar tool) 
R=30 mm (aluminium tool) 
R=16 mm (aluminium tool) 
0 40 80 120 160 200 
Temperature °C 
Figure 3.1 1. The effect of sample radius on the thermoelastic response 
There was no significant difference in the thermoelastic response between samples of 
different radii, which agrees with the analytical prediction. It is believed that the offset in the 
initial value of the spring-in angle was caused by the tool part interaction phenomenon. The 
presence of the tool-part interaction induced residual stress would decrease the spring-in angle 
for components manufactured on the female tools as discussed in 2.1.2.4. It is expected that 
the effect of the tool-part interaction would be more significant for components of larger 
radius, for specimens with constant arm length, since they have bigger area in contact with the 
tool. This agrees with the experimental results. The room temperature spring-in angles 
measured for components manufactured on the aluminium tool show a smaller distortion for 
components with a 30 mm radius when compared to a component manufactured on the 16 
mm radius. Specimens manufactured on the invar tool show much higher room temperature 
spring-in. 
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3.3.5 Arm length effect 
The effect of arm length on the thermoelastic response was investigated. The samples used in 
this study were 2 mm thick. The stacking sequence was both 90° and QI. The arm length 
varied between 100 and 25 mm. All specimens were manufacture on the female invar tool 
with r= 20 mm. There was no difference observed in the response to the applied temperature. 
3.3.6 Thickness effect 
According to the simple spring-in formula (1) thickness is not predicted to contribute to the 
thermoelastic behaviour of the sample. However, results of this study show a small increase in 
the thermoelastic component of the distortion for thicker specimens, which could be attributed 
to the corner-bridging effect. It is believed that the corner-bridging effect occurs as a result of 
consolidation in the early stages of cure, with a limited possibility of slip between the plies. 
Under hydrostatic conditions such as would be expected in a flat sheet under autoclave 
pressure, no in-plane pressure gradients would be expected remote from the free edges. If 
bridging has occurred due to consolidation and there is limited possibility for plies to shear, 
then some of the pressure must be reacted by the laminate plies on the inner radii. This 
reduces the pressure reacted by the resin in the corner and encourages resin to flow into the 
region of reduced pressure, as illustrated in Figure 3.12. In order to give a better 
understanding of the corner bridging effect on the thermoelastic spring-in, the thickness of 
each specimen was measured at 7 points. The thickness measurements were carried out with a 
ball-ended micrometer, with a measurement resolution of 0.01 mm. Results are presented in 
Figure 3.13-Figure 3.16. 
Resin flow 
Figure 3.12. Thickness profile measurements 
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position along L-shape 
Figure 3.13. Thickness profile along the length of the 4 mm thick L-shape cross-section. Invar 









position along L-shape 
Figure 3.14. Thickness profile along the length of the 2 mm thick L-shape cross-section. Invar 















position along L-shape 
Figure 3.15. Thickness profile along the length of the I mm thick L-shape cross-section. Invar 
tool, radius r-20 mm 
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position along L-shape 
Figure 3.16. Thickness profile along the length of the 0.5 mm thick L-shape cross-section. 
Invar tool, radius r-20 mm 
It can be seen that the thickness in the flat sections is uniform and the thickness gradient is 
localized at the corner of the laminate. This effect was also observed by Hubert [56]. When 
increasing the thickness of the sample, the corner bridging effect becomes more significant. 
This means that there is a greater resin volume fraction within the corner section which could 
give rise to higher through-thickness thermal expansion. This agrees with the results from the 
thermoelastic experiments showing an increase in the thermally induced spring-in for thicker 
specimens, see Figure 3.17 and Figure 3.18. The difference in the room temperature geometry 
was attributed to non-thermoelastic effects like cure shrinkage, tool part interaction or 
laminate consolidation. 
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Figure 3.17. Sample thickness effect on the thermoelastic response. Invar tool, radius r=20 
mm 
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Figure 3.18. Sample thickness effect on the thermoelastic response Invar tool, radius r=20 mm 
3.3.7 Finite element model of the corner thickening effect 
A finite element analysis was performed in order to provide a better understanding of the 
corner thickening effect on the thermoelastic behaviour of L-shaped components. ABAQUS 
2-D 4-noded plane stress elements were used to model a 450 section cured on an external 
radius of 20 mm. The model had 16 CPS4R elements through the thickness and 16 around the 
curve. The geometry of the model and boundary conditions are shown in Figure 3.20. 
50 mm 
Symmetry line 
Position where the s' ' ; Nu slope r=20 mm 
was fixed 
Clampe node 
Figure 3.19 The finite element geometry and boundary conditions 
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The corner thickening effect was modelled by decreasing the radius of the inner curve and 
keeping the outer radius constant. Initially the laminate thickness was uniform along the 
cross-section of the component. In the subsequent runs the corner thickness at `a' was 
increased from 4 mm to 4.35 mm with steps of 0.05 mm. The change in the local material 
properties resulting from the increase in laminate thickness and consequent reduction in the 
fibre volume fraction in the corner was calculated using the micromechanics equations 
presented by Bogetti and Gillespie [17], assuming a uniform distribution of fibres in the 
through thickness direction. 
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3.3.8 Calculation of Elastic Constants 
Given as inputs the transversely isotropic mechanical properties of the fibres (Ef,,, Ef33, Gf13, 
vf, 3, and vnj given in Table 3.1), the properties of the isotropic resin (E V. given in Table 
3.2) and the fibre volume fraction, V11ply mechanical properties were calculated as follows: 
Table 3.1. Thermoelastic properties of AS4 carbon fibres (from reference [83]) 
Property Value 
E1 2.28E+11 Pa 
E2 17.2 GPa 
V12 V, 3 0.2 
V23 0.5 
G12= G, 3 2.76E+10 Pa 
G23 6.89E+9 Pa 
a, f -9.00E-07 C-' 
a1f 7.20E-06 C" 
Table 3.2. Thermoelastic properties of the 8552 resin (from reference [84]) 
Property Value 
E 4668 MPa 
V23 0.37 
G 1703 MPa 
a, r 4.9E-05 C"' 




2(1+V, ) (3.2) 
E22 = E33 - 1/4k + 1/4G )+ vZ /E) 
(3.3) 
G12 =G13= G. 
(Gf12 +G, )+(Gf12 -G, )Vf (3.4) (G112 + G, ) - (G112 - G" )Vr 
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Gr {kr (Gr + Gf23) + 2G f23Gr + kr (G f 23 - Gr )V. i 
1 (3.5) 
G23 __ kr(Gr +Gf23)+2Gf23Gr -(k, +2Gr)(Gf23 -Gr)VI 
6123 _ 
Ef33 
2(1+ v) f23 (3.6) 
vvV+v+ 
(yr-yJ1z)(k. -kJ)Gr(1-Vf)VJ 
V12 (3.7) 1z = 13 = Jl2J r(1-VJ) (kJ +Gr)kr +(k1-kr)G, Vt 
V23 _ 
2E, 1kr -E11E22 -4yz 13krE22 (3.8) 23 - 2E, I kr 
In the above, k is the so-called (by Bogetti and Gillespie) `isotropic plane strain bulk 
modulus' defined as 
k_ 
E111 E., 22 
2 
(3.9) 
2[(1- v23 )E f - 2E122vI2l 
and kT is the effective plane strain bulk modulus of the composite defined by: 
kTf+ 
Gr )k, + (k f-k, )G, Vi 3.10) r= (kf +G, )-(kf -k, )Vf 
3.3.9 Calculation of the thermal expansion coefficient 
Ply strains in the material principal directions arising from strains of the constituent resin and 
fibre are calculated from the fibre and resin mechanical properties and strains as follows: 
_af, 
E,, Vf +a', E, (I -Vf) (3.11) a' EfYf+E, (I-Vf) 
a2 =a3 =(a f2 +vf12af, )Vf +(a, +v, a, )(1-Vf) 
LVI13Vf 
+ V, (1 -V 
af, EfVf+a, E, (1-Vf) (3.12) 
-") 
EVI +E, (1-Vj) 
The results from the finite element analysis are shown in Figure 3.21. The increase of the 
corner thickness combined with changes of the material properties in the curved section of the 
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L-shape gave an increase in the thermally induced spring-in. Obtained results correlate very 
well with the experimental data. Thin L-shape components, which did not exhibit much 
corner thickening, gave approximately 0.470 angle change when compared to 0.500 measured 
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Figure 3.20. The effect of the corner thickening on the thermoelastic response of the L-shaped 
components. 
3.4 Analytical 
In this section the thermally induced spring-in is predicted using equation (2.1). The 
equivalent in-plane coefficient of thermal expansion for cross-ply and quasi-isotropic 
laminate is calculated using laminated plate theory. The through-thickness CTE is calculated 
based on the assumption of the quasi-isotropic lamina properties and experimentally 
measured in-plane CTEs. 
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The average through-thickness coefficient of thermal expansion Cr: usually differs from the 
aZ for a single lamina ply. This difference occurs due to the fact that laminate plies interact 
with each other to produce an overall thickness expansion that is a combination of free 
thermal expansion effects as well as the through-thickness elastic properties of individual 
layers, Figure 3.21. 
}O3 
OO 
Single ply Stack of separately cured plies Cured laminate 
Figure 3.21. The effect of free thermal expansion and through-thickness elastic properties on 
a_ 
The average through-thickness coefficient of thermal expansion a. can be defined as the 
average thermally induced strain in the thickness direction divided by the temperature change, 
a,. 
AT 
An expression for the through thickness strain, accounting for the free thermal expansion can 
be written as, 
S3=a3AT+S6, +S23a, (3.14) 
Equation 3.14 indicates that the through-thickness strain depends on the free thermal strain 
a; OT as well as in plane stresses ai and a2 which arise in the laminate ply when it is 
subjected to the temperature change. 
Combining equations (3.13) and (3.14) the expression for the average laminate through 
thickness CTE can be written as, 
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Z(a3kzT +SI3kolk +S23k62k)hk 3'15) 
1 
For a unit temperature change 01k and 0 2k can be expressed as, 
01k =Qý1k(axmk +a nk +c¬ mknk -Q'Ik)+Q12k(an +aymk -Q'svlnknk -alk) 
(r2k = Q12k(axmk +ct , nk +CteMknk -alk)+Q22k(axnk +aymk -alYmknk -alk) 
(3.16) 




+Q12nk)+S23(Q, 2m +Qunk))ax +{S13(Qnk +Qumk) (3.17 
+S23(Qnk +Q22mk)}av +a3 -{S13(Qa, +Q12a2)+S23(Q, 2a, +Q22a2)} 
Calculated values of the in-plane and the through-thickness thermal expansion coefficient for 
different laminate configurations are listed in Table 3.3. 
Table 3.3. Calculated thermal expansion coefficient. 
Stacking sequence [0/90], [45,90,135,0], [45,90,135,0,45,0,135,0]$ 
ax 2.73E-6 2.73E-6 5.06E-6 
45.7E-6 45.7E-6 45.3E-6 
Refer to Table 3.4 for comparison between predicted and experimentally measured thermally 
induced spring-in angles. 
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3.5 Thermally induced angle change above glass transition temperature 
Knowledge of the thermal expansion coefficient above the glass transition temperature is 
crucial for succesful modelling of stress development during cure, expecially in curved 
laminates, where small through thickness strains may result in build-up of high in plane 
stresses. 
Thermal expansion of the material is directly linked to the free volume of its molecules. When 
heating up a material which is initially in a glassy state, the glass transition temperature is the 
point at which there is sufficient free volume to allow molecules to change positions relative 
to one another. Similarly, a material which is initially in a rubbery state transforms into a 
glassy state upon cooling to a temperature at which the free volume drops to a level where the 
molecules can no longer move relative to one another, but still oscillate or vibrate around a 





Figure 3.22. Schematic visualization of free volume allowing local translation 
motion. (Redrawn from ref [80]) 
In this study the laser measurement technique was used to measure the rate of angle change of 
L-shaped laminates while the temperature was increased in small increments to 235°C 
degrees. 
Figure 3.23 shows the relation between experimentally measured spring-in and temperature. 
The glass transition temperature was taken as a crossing point of the linear regressions fitted 
to the experimental data above and below the transition region. The rate of the angle change 
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Below Tg 
heat-up y=-0.0105x+2.6627 
R2 = 0.9754 
0.2 
cool-down y=-0.0109x+2.7427 
R2 = 0.9998 
0 
all 
0 50 100 150 200 250 
temperature C degree 
Figure 3.23. Thermally induced change of the angle in the 2 mm thick 90° composite 
laminate, above the glass transition temperature 
The coefficients of thermal expansion for the glassy and rubbery states were calculated from 
the slopes of the lines before and after Tg, and found to be 107 x 10-6 °C-' in the rubbery 
state and 32 x 10-" "(' ' in the glassy state respectively. The value of the through-thickness 
expansion calculated from the laser reflection technique measurements correlates very well 
with the results presented in 3.2, confirming that the material used in this study is transversely 
isotropic. 
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3.6 Conclusions 
An experimental activity was performed to measure the in-plane transverse thermal expansion 
coefficient of the epoxy laminate. Results show a linear relationship between applied 
temperature and thermally induced strain over the 40 - 140 °C temperature range. The 
average value of the measured CTE was equal to 33x10-6 K. 
The laser measurement technique was used in order to measure thermally induced spring-in of 
composite L-shaped components. Obtained results show a linear relationship between applied 
temperature and the induced spring-in over temperatures ranging from 20 to 180 ° C. Results 
of the experimental work allowed the thermoelastic and non-thermoelastic portion of the total 
distortion to be separated. The effects of the laminate stacking sequence, thickness, sample 
arm length and radius were investigated. Cross-ply and angle-ply laminates showed 20% 
higher spring-in when compared with the laminates with 90° lay-up, which agrees with a 
prediction from a simple analytical formula. It was shown that sample radius does not affect 
the thermally induced spring-in of laminates. 
Experimental results show small increase in the thermoelastic spring-in for thicker laminates. 
It is believed that the corner-thickening phenomenon caused this effect. Measured thickness 
profile around the cross-section of the L-shaped specimen showed that the thickness of the L- 
shaped laminates increases at the corner. 
A finite element model was built in order to investigate the effect of corner thickening. 
Micromechanics equations were used to predict the change of material properties resulting 
from the increase of the laminate thickness. The increase of the corner thickness combined 
with changes of the material properties in the curved section of the L-shape gave an increase 
in the thermally induced spring-in. The results obtained correlate very well with the 
experimental data. 
It is evident from the experimental measurements that a large portion of the total room 
temperature distortion in the curved laminates is caused by non-thermoelastic mechanisms. In 
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the subsequent chapters the relative contribution of the laminate cure shrinkage and tool-part 
interaction to the final distortion is studied. 
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CHAPTER 4 THROUGH-THICKNESS STRAIN MEASUREMENTS 
4 Introduction 
Knowledge of the through-the-thickness induced strains during processing of composite 
laminates is crucial in order to manufacture components with high dimensional accuracy. In 
this chapter the relative contributions of resin cure shrinkage, laminate consolidation and 
thermal expansion strains are separated, emphasizing cure shrinkage after gelation. 
During curing of thermosetting composites the resin undergoes cross-linking reactions that 
lead to an increase of material density and reduction in volume. A schematic representation of 





Figure 4.1 Curing of thermoset resin a) monomer stage, b) linear growth and branching c) 
formation of gelled but incompletely cross linked network, d) fully cured thermoset. (From 
Ref. 70 ) 
lt traces cure from chain formation and linear growth, through branching and finally to a 
cross-linked, infinite network. The process of volume reduction usually referred to as 
chemical shrinkage can lead to development of high locked-in stresses. Both thermal and 
resin shrinkage induced stresses can subsequently cause distortion and premature cracking of 
the composite moulding [71-73]. 
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An idealized schematic of the volumetric change of epoxy due to thermal expansion and 





Figure 4.2 Schematic of volume change of epoxy resin during cure 
The stages from a-d are described as follows: 
Stage a-b: the volume of the resin increases when it is instantaneously heated up from 
., 
due to thermal expansion reference temperature To , to a curing temperature, Tc 
before any chemical shrinkage occurs. 
Stage b-c: the volume decreases due to chemical shrinkage at a constant temperature. 
Stage c-d: The volume decreases due to thermal contraction when it cools down to 
room temperature. The slope c-d is lower when compared to a-b, because the 
coefficient of thermal expansion in the glassy state is lower than in the rubbery state. 
In the study reported here a new technique was developed to measure the through thickness 
strain in the AS4/8552 composite system using a non-contact video extensometer. The 
technique captures the thermal expansion during the heating stages, the laminate 
consolidation throughout the cure process, and also the cure shrinkage. A particular emphasis 
was the shrinkage occurring after the point of gelation, which was determined experimentally 
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as a part of this work. The relationship between chemical shrinkage and degree of cure was 
deduced from a cure kinetics model for the 8552 resin. 
4.1 Cure kinetics: 
In order to gain a better understanding of the resin shrinkage, the development of cure during 
the manufacturing cure cycles is investigated using the model proposed by Cole [75] and 





dt I+ ecc, 6-c, 6ro+, e, rrn 
where K= A e"°T, AE is the activation energy, A is the pre-exponential cure rate coefficient, 
m and n are first and second exponential constants, C is the diffusion constant, 0,0 is the 
critical degree of cure at 0 K, and NT is the constant accounting for the increase in critical 
resin degree of cure with cure temperature. 
The experimental DSC cure data were obtained in this study by using dynamic DSC 
performed in a TA instruments DSC 2920 modulated DSC by QinetiQ [74]. The values of the 
constants are given in Table 4.1. 
Table 4.1 Cure kinetics constants for AS4-8552 resin 
A 4.2x10 min" 





ßcT 5.17IX10-3 K*' 
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The development of cure for the recommended manufacturing cure cycle is plotted in Figure 
4.3. It can be seen that till the end of the first temperature dwell there is a very small change 
in the resin degree of cure. The cure increases dramatically when the temperature increases 
































Figure 4.3. Cure development during recommended cure cycle 
4.2 Experimental 
4.2.1 Ply pullout experiment on the gel point of AS4-8552 epoxy prepreg 
From the composite processing point of view the gel point is one of the most important 
characteristics of epoxy resin. Gelation is said to have occurred when the cross linking has 
proceeded to the point at which a three dimensional network of polymer permeates the 
sample. 
In their research Igarashi et al. [76] observed that the contraction stresses occurring as a 
result of curing reactions coincide with the rise of shear modulus and the start of gelation in 
an isothermal curing process. 
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4.2.1.1 Experimental set-up 
The testing apparatus was the same as used by Ersoy [77] in his research on frictional 
processes during composite manufacturing. In his paper Ersoy [77] presents an experimental 
method to directly measure the frictional shear stresses at prepreg/prepreg and prepreg/tool 
interfaces as a function of the development of cure throughout the Manufacturer's 
Recommended Cure Cycle (MRCC). The test equipment consists of two heating plates and a 
set of 4 precise springs, which provided the pressure used in the manufacturer's recommended 
cure cycle. The test area is heated by a couple of stainless steel heaters, and a programmable 
temperature controller was used to control the temperature profiles. The overlapping plies are 
pulled past each other at a constant rate in the servo-hydraulic testing machine as various 
temperature cycles are applied. The whole rig is thermally insulated and fixed in space, 
Figure 4.4 b. The tensile force, displacement and temperature are recorded during the cure 
cycle. 
4.2.1.2 Specimen 
The specimens were prepared by folding two 500x45 mm unidirectional single prepreg strips. 
The test area, where plies were overlapping each other, was 64 mm long. The specimen was 
held in the grips of the 1NSTRON machine by two self-locking end tabs as shown in Figure 
4.4 a. 
Pairs of precise springs 
Self-locking end tab 
Composite specim en 
Heating plate 
Figure. 4.4 a Ply pullout setup used for the determination of the gel point 
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Figure 4.4 b Test configuration and test rig for pull-out tests 
4.2.1.3 Ply pullout test results 
There were four tests carried out to investigate the effect of the curing temperature on the gel 
point. The standard temperature cure cycle was modified in order for the gel point to occur in 
the isothermal part of the second dwell. Initially the temperature of the sample was elevated 
to 120 °C at 2°/min and kept in this condition for 60 min. During the second ramp the 
temperature was elevated at 10°C/min to the curing temperature. Figure 4.5-Figure 4.8 
illustrate the temperature and the force required to shear the composite plies past each other 
versus time. In these tests the crosshead moved with a constant speed of 0.05 mm/min. 
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Figure 4.6 Position of the gel point in modified cure cycle. Curing temperature = 160°C 
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Figure 4.8 Position of the gel point in modified cure cycle. Curing temperature = 180°C 
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As the temperature increases in the first ramp the force required to pull plies past each other 
increases and reaches a peak at around 30 C. When increasing the temperature the resin 
undergoes a change from a rubbery to a liquid state which reduces the shearing force. In the 
isothermal dwell region the shearing force increases towards an asymptotic value at the end of 
the 120° C dwell. It is believed that the characteristic drop in the shearing force at the 
beginning of the second ramp is caused by a decrease in resin viscosity due to the quickly 
increasing temperature. During gelation the resin transforms from a liquid to a solid-like 
rubbery state. The force required to shear the resin in a gel state is greater comparing to 
material in a liquid state, which agrees with the experimental results. In the ply pullout tests 
the gel point is manifested by a sudden change of slope of the shearing force against time. The 
corresponding degree of cure was calculated from the cure kinetics model presented in the 
previous part of this chapter. Because there was evident slope change in the force vs. time 
curve for the specimen cured at 180 °C, experiment was repeated with significantly reduced 
pressure applied to the heating plates, Figure 4.8. The results of the ply pullout measurement 









150 160 170 180 
Curing temperature °C 
Figure 4.9 The effect of curing temperature on the position of the gel point 
The ply pullout experiments indicate that the gel point occurs at a constant value of the degree 
of cure of approximately 0.31. 
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4.3 Measurements of the cure shrinkage 
4.3.1 Sample preparation 
In each case 16 plies of 0.25 mm thick prepreg sheets were made into both unidirectional and 
cross-ply laminates by hand lay-up. The in-plane dimensions of the specimens were 45x45 
mm. Details regarding each of the tested specimens are listed in Table 4.2. 
Table 4.2 Specimens used for the cure shrinkage experiment 
Stacking sequence Preparation technique 
1 16 plies UD Not-preconsolidated 
2 16 plies UD Vacuum preconsolidated at 30 °C 
3 16 plies UD Preconsolidated at 100 °C under 0.07 MPa 
4 16 X-ply Not-preconsolidated 
5 16 X-ply Vacuum preconsolidated at 30 °C 
6 16 X-ply Preconsolidated at 100 °C under 0.07 MPa 
7 16 X-ply Not-preconsolidated, cured at 150 °C 
8 16 X-ply Not-preconsolidated, cured at 160 °C 
9 16 X-ply Not-preconsolidated, cured at 170 °C 
10 16 X-ply Not-preconsolidated, cured at 180 °C 
Specimens I to 6 were manufactured to investigate the effect of preconsolidation pressure on 
the through-thickness shrinkage strain. Samples 7 to 10 were used for shrinkage 
measurements with modified temperature cycles. Specimens 3 and 6 were preconsolidated at 
1000 C, under 0.07 MPa. 
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4.3.2 Experimental set-up 
Each composite specimen was wrapped with a release film and cured in between two heating 
plates at a controlled temperature. There were 4 thermocouples placed around the specimen 
in order to monitor temperature uniformity. To prevent possible rotation of the heating 
surfaces that stay in contact with the sample the whole assembly was placed in a die-set as 




4 Hatt thick steel platy 
i 
Composite sample 
Figure 4.10 Experimental set-up used for cure shrinkage measurements 
A programmable temperature ramp controller controlled the temperature of the heating plates. 
A novel non-contact technique [81] was adopted to capture the relative vertical motion of the 
two steel plates that stay in direct contact with the cured specimen. A non-interlaced camera 
was rigidly mounted on a tripod and focused on contrasting targets marked on the sides of the 
two steel plates, which were in contact with the composite specimen during the test. The 
experimental set-up was illuminated at a constant level during testing using a separate 
external light source. The video-gauge software automatically followed the position of the 
two reference points, calculated the relative distance in between them and wrote the results 
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into a text file with an approximate frequency of 20 Hz. Data collected during the experiment 
was filtered and analyzed using MATLAB software. 
4.3.3 Results and discussion: 
Development of the through-thickness strain during the curing process can be divided into 5 
















Figure 4.1 1 Through-thickness strain induced by consolidation and cure shrinkage 
In the first stage designated as `a' the temperature is increasing at 2 °C/minute, and the 
through-thickness strain is driven by two competing mechanisms: liquid thermal expansion of 
the resin and consolidation. In stage `b', since the temperature is constant, strain decreases 
mostly due to consolidation processes and a small amount of chemical shrinkage. In stage 'c' 
the curing strain is affected by three competing mechanisms: chemical shrinkage of the resin, 
thermal expansion of the resin and consolidation. At the beginning of stage `d' the resin is 
undergoing gelation. In stage 'd' the through-thickness strain is affected by resin shrinkage 
and thermal expansion. In stage 'e' the temperature is constant and the resin has passed the 
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gel point. It can be assumed that the consolidation mechanisms can no longer take place, and 
through thickness strain is driven only by the chemical shrinkage of the resin. 
4.3.3.1 The effect of preconsolidation pressure on the curing induced through- 
thickness strains 
Consolidation is one of the most important steps during the processing of composite 
laminates. The consolidation pressure applied to the component squeezes air and resin out, 
suppresses voids and makes the fiber volume fraction more uniform. A total of six specimens, 
including both unidirectional and cross-ply samples were used to study the effect of 
preconsolidation pressure on the through-thickness induced strains. 
Three different sample-manufacturing techniques were used. In the first case the laminate 
stack was created without applying any significant force in the direction perpendicular to the 
sample. In the second case the laminate stack laid-up by hand was left for 8 hours under 
vacuum at a temperature of 30 °C. The third manufacturing technique was more sophisticated 
and involved application of uniformly distributed pressure and temperature. Specimens were 
placed between two heating plates in a jig and a dead weight of 15 Kg was applied, which is 
equivalent to pressure of 0.07 MPa. The temperature and pressure cycles used for 























Figure 4.12 Temperature and pressure cycles used during preconsolidation 
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It can be seen in Figure 4.13-Figure 4.14 that both unidirectional and cross-ply samples, 
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Figure 4. I4 The effect of preconsolidation on the through-thickness strain, cross-plied 
specimens 
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Specimens jig-preconsolidated under 0.07 MPa pressure and 100°C exhibit the smallest 
change in the thickness in the early stages of the curing process. It is believed that high 
pressure and temperature applied during preconsolidation significantly reduced voids within 
the laminate. 
it was found that regardless of manufacturing technique, unidirectional samples exhibit 
bigger thickness changes due to consolidation compared to cross-ply specimens. This may be 
because of less lateral constraint in the unidirectional composites, whereas in cross-ply 
laminates, the lateral contraction is completely constrained. 
In this study only the cure shrinkage after the onset of gelation was taken into consideration. 
This was based on the assumption that before gelation liquid resin can not support any 
significant mechanical stresses. The values for each unidirectional and cross-ply specimen 





















Sample #2 Sample 43 average 
Figure 4.15 Cure shrinkage after gelation 
The average values were found to be 0.48% for unidirectional and 0.98 % for cross-ply 
laminates respectively. 
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The through-the-thickness strain for the cross-ply laminates is approximately twice that of the 
unidirectional, indicating that there is no lateral constraint in the unidirectional composites. 
For the unidirectional laminates equal shrinkage occurs in the lateral and through-thickness 
direction, whereas in cross-ply laminates, the lateral contraction is completely constrained and 
only through-the-thickness contraction takes place. 
4.3.3.2 The effect of curing temperature on chemical shrinkage induced through 
thickness strain 
A set of experiments was performed in order to investigate the effect of curing temperature on 
the chemical shrinkage induced strain. Cross ply specimens were cured at 4 different 
temperatures 150,160,170 and 180 degrees C according to the cure cycles used in the ply 
pullout experiments. The relationship between the chemical shrinkage and degree of cure was 
deduced from the cure kinetics model for the 8552 resin. The correlation between cure 
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Figure 4.16 Relation between cure shrinkage and the degree of cure 
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Regardless of the manufacturing technique and initial consolidation, the value of the chemical 
shrinkage occurring after the point of gelation is similar from test to test. The NOT data is 
believed to be prone to errors due to a temperature lag between the composite sample and the 
heating plates during the fast ramp. The good match of the results from three other cure cycles 
suggests that the cure shrinkage is only a function of degree of cure regardless of time and 
temperature. 
4.3.3.3 Separation of thermal expansion, consolidation and cure shrinkage 
In order to distinguish the relative contributions of the mechanisms driving the through the 
thickness strain developed during the curing of the composite, further analysis was performed. 
These mechanisms are, consolidation before gelation, cure shrinkage and thermal expansion 
during the temperature ramps of the manufacturer's recommended cure cycle (MRCC). A 
third order polynomial was fitted to the isothermal shrinkage data for 150 °C, 160 °C and 170 
°C, as plotted in Figure 4.16. The empirical relation between the degree of cure and cure 
shrinkage strain for the cross ply samples is found to be: 
Ecure -2.16'/3' -l. 62. ß2 _2.7U"ß+0.93 % 
It should be noted that this strain corresponds to the volumetric cure shrinkage, since any 
lateral contraction is restrained in cross-ply samples. The accuracy of the fit decreases for 
lower degrees of cure, since the data is extrapolated beyond the gel point where no pure 
shrinkage data is available. In Figure 4.17 the data for the three cross ply samples (Samples 4- 
6) that underwent the MRCC were zeroed at gel point (a=0.31). The cure shrinkage strain, 
based on the equation was, also zeroed at gel point and plotted on the same graph. If the cure 
shrinkage strain is subtracted from the total strains, the remaining strain, which are a 
combination of consolidation and thermal expansion strains are plotted in Figure 4.18. 
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CHAPTER 4 THROUGH-THICKNESS STRAIN MEASUREMENTS 
There are several features that can be distinguished in these plots. First, since the strains are 
levelling off towards the end of the 120°C hold, it is believed that consolidation ceases to 
contribute to the total strains at the second ramp. Secondly, the thermal expansion strains for 
all samples exhibit a change in slope at around the gel point, reflecting the differences 
between the liquid and rubbery expansion coefficients. At the 180°C hold, the strains are 
more or less constant. In Figure 4.19 the strains during the second ramp are plotted against the 
temperature, where the slopes before and after gelation are in good agreement, however, the 
points where curves change slope do not match perfectly. The coefficients of thermal 
expansion for the liquid and rubbery states were calculated from the average slopes of the 
lines before and after gelation, and found to be 373 x 10-6 °C-1 and 202 x 10-" OC-' 
respectively. The through-thickness coefficient of thermal expansion in the rubbery state 
found from the laser reflection experiments presented in Chapter 3 is approximately 6% 
higher when compared to the value presented in this chapter. This small difference could be 
due to the differences in the material states. The martial used in chapter 3 was fully cured, 
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Figure 4.19 Thermal expansion strains 
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4.4 Conclusions 
A novel approach has been developed to measure the changes in thickness of epoxy laminates 
during the whole cure cycle. The technique captures the thermal expansion during the heating 
stages, the laminate consolidation throughout the cure process, and also the cure shrinkage. 
The tests were performed on 45 mm wide and 4 mm thick samples, for both unidirectional 
and cross-ply specimens. The effect of temperature and consolidation pressure on changes in 
thickness during cure was investigated and a clear difference in cure shrinkage for UD and 
cross-ply specimens was found. In parallel to the shrinkage measurements, ply pullout tests 
were performed on unidirectional specimens at different temperatures, corresponding to the 
cure schedules in the shrinkage experiments. It was found that when the resin approached a 
degree of cure of 0.31 the magnitude of force required to shear plies past each other increased 
significantly. This was found to be the case for each cure temperature used and was taken, as 
a point at which the process induced stresses could be locked-in. 
The average through-the-thickness strains after the onset of gelation for samples cured 
according to the MRCC were found to be 0.48% for unidirectional and 0.98 for cross-ply 
laminates respectively. These results are smaller when compared to previously available data 
from Johnston [39] who measured approximately 0.8 % of cure shrinkage for a UD laminate 
after the onset of gelation. 
The relationship between chemical shrinkage and degree of cure was deduced from a cure 
kinetics model for the 8552 resin. The coefficients of thermal expansion for the liquid and 
rubbery states were calculated from the average slopes of the lines before and after gelation, 
and found to be 373 x 10*6 °C-1 and 202 x 10"6 °C' respectively. 
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The effect of tool-part interaction and fibre 
wrinkling on the geometry of thin curved laminates 
CHAPTER 5 TOOL-PART INTERACTION 
5. Introduction 
Thin and balanced laminates fabricated on flat tooling are often seen to exhibit a concave 
down curvature [40,41,42]. This is believed to be due to interaction between the 
laminate and 
the tool arising as a result of mismatch between the tool and part coefficient of thermal 
expansion. During the autoclave cure cycle the composite laminate is pressed against the tool 
by the autoclave pressure and the temperature is increased. Because of the low cost and good 
thermal conductivity composite manufacturers prefer aluminium or steel tools. However tools 
made from these materials have much higher thermal expansion coefficients then composite 
parts, and as a result of that, tend to stretch the parts as they heat-up. The tool-part interaction 
occurs from the very early stages of the curing process prior to any significant development of 
the laminate shear modulus. This can lead to gradients of in-plane stresses through the 
thickness of the part causing bending when the part is removed from the tool 
This study is aimed at gaining a deeper understanding of the tool-part interaction phenomenon 
in the thin AS4-8552 laminates with single curvature, through a step by step analysis of flat 
and curved sections, which were examined separately. 
The instrumented ply technique developed by Campbell [41] is used to measure interfacial 
shear stresses between the tool and the laminate. Finally a simple analytical model is 
presented which allows for quick analysis of the tool part interaction effects in thin, curved 
laminates. 
5.1 Tool part interaction in flat laminates 
In order to examine the tool part interaction effect in flat laminates a set of six Im long and 50 
mm wide laminates with a cross-ply stacking sequence was manufactured by autoclave 
moulding on a 10 mm thick, flat aluminium tool following manufacturers recommended cure 
cycle. In each case a layer of A5000 FEP release film was placed in between the laminate and 
the tool and in between the laminate and breather cloth. Since the thickness of all laminates 
did not exceed 1 mm, damming the edges of the prepreg was not required. This was also 
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confirmed by the uniform thickness which was measured across the width of cured specimens 
using a ball ended micrometer. The tool was supported in the autoclave in such a way as to 
ensure that it stayed flat during the autoclave run. After the cure cycle was completed, the 
samples were removed from the tool and small pieces of cured bleed resin were sanded from 
the edges before any measurement was carried out. 
5.1.1 Measurements of the specimen geometry 
The method used for measuring the geometry of the I in long specimens, was to stand the 
strips on the edge on a sheet of paper and use a paint spray to transfer the edge geometry to 
the paper with minimal force. The distance between the straight line marked previously using 
aI in ruler and the sprayed line was measured using a graticule magnifier. 
5.1.2 Results 
Experimental results were compared with those presented by Campbell [41] for flat 
unidirectional laminates. In each case the manufacturing technique and sample size were the 
same. Figure 5.1 represents the differences between the experimentally measured curvatures 
for unidirectional laminates manufactured in this study. 
In her study Campbell [41] concluded that the small curvature appearing on the flat 
unidirectional laminates, was non-thermoelastic and generally in the expected convex-up 
direction for a tool interaction effect. Variation in the curvature was attributed to the prepreg 
selection effects. It was found that cutting material from different places along the width of 
the roll had a strong influence on the geometry of the cured laminates. An interesting feature 
of the geometry observed for cross-ply laminates in this study was a greater level of curvature 
which was found to be uniform for all specimens regardless of prepreg selection method. 
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Figure 5.1. Tool-part interaction induced curvature in Im long composite laminates 
5.1.3 Change of the specimen curvature due to temperature 
A laser reflection technique was used to determine if the curvature of the Im long cross-ply 
samples was caused by the thermoelastic or non-thermoelastic mechanism. Due to the 
geometrical limitations of the oven used in this study, tests were performed on 600 mm long 
samples which were cut out of previously manufactured long specimens. There were two 
mirrors attached to the specimen, one at the point of fixation and another one at the free end 
of the tested specimen. A schematic of the experimental setup is presented in Figure 5.2. Any 
change of the curvature would indicate a thermoelastic origin of the deformation. The 
remaining curvature would indicate a non thermoelastic origin of the deformation, such as 
tool-part interaction. 
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Figure 5.2. Experimental set-up used to determined thermoelastic bending in the 600 min long 
cross-ply laminates 
It was observed that no change occurred in the geometry of the sample as a result of the 
temperature excursion of 160 °C, indicating that the curvatures were non-thermoelastic in its 
origin. This supports the argument that process induced curvatures are generated by tool-part 
interaction. Although cross ply samples manufactured in this study exhibited larger curvatures 
when compared to unidirectional cases (7 mm over Im long specimen), the level of curvature 
was still small in comparison to the results obtained by other researchers, Twigg [40], 
Radford [42] (30-50 nun over 1m long specimen). An increase of curvature observed on the 
cross-ply laminates can be attributed to a stress decay in the 90 degree plies, which were 
placed in the centre of the laminate, Figure 5.3. This could cause a stress gradient through the 
thickness of the laminate resulting in curvature, as seen in the experimental results presented 
above. In the case of flat unidirectional laminates the stresses did not lead to any significant 
bowing, presumably because they were uniformly distributed through the thickness, Campbell 
E41. 
77 




00°0 90 ° plies 
0° ply 
Iv- 7- 7- -7 -7 
`. a In-plane stress a 
t- tool-part interfacial shear stress 
Figure 5.3 Distribution of the tool-part induced in plane stresses across the thickness of the 
cross ply laminate 
5.1.4 Decay of stress in the 90' plies 
In their research on distortion of flat laminates Twigg et. al. [40] developed a simple 
analytical formula which allows for calculation of the tool-part interaction induced distortions 
in flat laminates. The model takes into account tool-part interfacial shear stress and the shear 
stresses that arise at the interface of the individual plies in the laminate stack. The formula for 





2 Eparl tlam 
(5. t) 
where Tr, is defined as a difference in between the maximum shear stress that arise at the 
tool-part interface and the maximum shear stresses that arise at the interface of laminate plies 
in the stack, Epart is the laminate modulus, t is the laminate thickness and L is defined as half 
of the laminate length. Applying the instrumented ply technique, Campbell [41] measured 
maximum interfacial shear stresses equal to 0.16 MPa for the AS4-8552 unidirectional 
laminate cured on the aluminium tool with a A5000 release film. Using the equation 
developed by Twigg, the interfacial shear stress measured by Campbell and the maximum 
deformation, which was experimentally measured in this study, it is possible to calculate the 
approximate interfacial shear stress arising at the interface between 0° and 90° plies in the flat 
laminate. Rewriting equation (5.1) in the following form, 
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Tinterlaminar = Zinterface 
2L3 
yields the value of the interfacial shear stress approximately equal to 0.159 MPa. This results 
indicates that critical interfacial shear stress for the 90° plies is almost the same as the critical 
shear stress at the tool-part interface. 
5.2 Combined effect of fibre wrinkling and tool-part interaction on the 
geometry of thin C-shape specimens 
In order to investigate the effect of tool-part interaction in curved laminates several C-shaped 
laminates were cured on the inside of a cylindrical tool following the manufacturers 
recommended cure cycle. The cure equipment presented in Figure 5.4 consists of an 
aluminium or carbon tube with a 50 mm inner diameter and 300 mm length. A hole was 
drilled in the tube to allow application of vacuum and venting. Heat was applied with the help 
of a flexible silicone heating element wrapped around the tube, Figure 5.4 a. The heating 
element was fitted with boot hooks. The lay-up for curing the samples can be seen in Figure 
5.4 b. In this case the prepreg was wrapped around'/, of the perimeter of a tube of comparable 
diameter. Layers of release film were used between the aluminium tube and composite and 
between the composite and breather cloth. A silicone rubber diaphragm was used to transfer 
the pressure applied in the tube to the composite. The temperature is controlled with a 
programmable PID process controller within a ±3°C band around the process temperature. 
The uniformity of the temperature was checked with eight thermocouples around the outer 
surface of the tube. 
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Figure 5.4 Experimental setup (a) The aluminium tube with flexible silicone heater (b) the 
lay-up of the samples, (figure from reference [ 15]) 
The room temperature geometry of the C-shaped specimens was obtained by scanning each 
component with a resolution of 600 dpi on a flat bed scanner. Before any measurement was 
taken the scanner was checked for scale and picture squareness. The spring-in angle was 
calculated by converting the diameter of the tool at the curing temperature and the diameter of 
the sample at room temperature. 
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5.2.1 Calculation of the Spring-in Angle 
Figure 5.5 schematically shows the deformation of a 90° section of the tube. The method of 
calculating the spring-in angle is the same as used by Ersoy et at. [15]. This method is based 
on the assumption that the r' is constant. 
N 
Figure 5.5 Calculation of the spring-in angle 
The change in angle can be calculated using the following formula: 
A9=8'-9=ýI -ý (5.3) 
r' r 
Since the arc length of the section is assumed to be constant due to near zero effective thermal 




r' r) (5.4) 




CHAPTER 5 TOOL-PART INTERACTION 
where r is the radius of the tool at the curing temperature and r' is the radius of the sample 
measured at room temperature. 
An interesting feature of the single ply C-shaped specimen geometry manufactured on the 
aluminium tool, is a high amount of spring-out whereas the specimen manufactured on the 
carbon tool springs-in. The spring-in/out angles for both specimens are listed in Table 5.1. 
Table 5.1 Experimental values of spring-in/out angles for single ply C-shaped specimens 
Tooling material 
Measured spring-in per 90 (average 
value for 3 specimens) 
Aluminium -4.111 
Carbon 1.00 
An examination of the components revealed a certain amount of fibre wrinkling on the inner 
radii of the curved section as also reported in Potter et al. [85]. It is believed that wrinkling 
arises essentially from bending the prepreg to conform to the shape of the tool. As a result of 
minimal stiffness of the uncured prepreg, fibres on the inside surface buckle under the applied 
compressive stresses. In the presence of tool-part interaction, any tension arising in the 
prepreg will be carried mostly by the straight fibres on the outer radius of the laminate, 
generating stress gradients across the thickness, which after removal from the tool result in a 
greater curvature when compared to the one measured on the flat laminate, Figure 5.6. 
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Fiber waviness induced by 
conforming the laminate to 
the geometry of the tool 
Composite C-section 
curl 
Tool part interaction induced 
tensile stress located close to 
the outer surface 
hape 
Figure 5.6 Spring-out mechanism in thin composite C-sections 
5.3 Tool-part interaction in U-shaped laminates 
The geometry of the aluminium tool used in this study is shown in Figure 3.2. Each ply of the 
prepreg was carefully laid-up on the side of the mould. Since all specimens were thin there 
was no need to use cork dams at the edges. The parts made were single ply unidirectional. 
[90,0,901 ,, and 10,90,01,, where the 0° direction corresponds to the axial direction of the tool 
and the 90° direction follows the curvature of the specimen. The total laminate length for U- 
shaped specimens was equal to 300 mm. 
5.3.1 Measurements of the sample geometry 
The geometry of each specimen was obtained through image analysis of the scanned 
specimens. The angle between the arms was taken as being the angle between lines drawn 
from the end of each arm to the end of the radius, to take account of the bowing. The spring- 
in angle was then evaluated by subtracting the angle between the sample arms from the angle 
of the mould. The typical exaggerated shape of an autoclave moulded thin U-shaped specimen 
is as shown in Figure 5.7. 
Aluminium tool Geometry of the specimen after 
removal from the tool 
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Figure 5.7. Definition of tool-part interaction induced deformations. 
Measured spring-out angles are presented in Table 5.2. One of the most striking features of 
the geometry is the high level of spring-out and curvature occurring on the analyzed samples. 
The amount of spring-out was very similar for each of 8 single ply specimens. Spring-out 
values measured for [90,0,90] and [0,90,0] specimens were lower when compared to single 
ply specimens, which could be attributed to a higher bending stiffness. In the case of U- 
shaped laminates moulded on female tools, the tool-part interaction induced stress gradient 
and associated bending moment will act in the opposite direction to a thermally induced 
spring-in. Since the fibre wrinkling occurs on the inner surface of the L-shape the tool-part 
interaction tensile stress will be carried mostly by the fibres closest to the tool leading to a 
high stress gradient and finally a spring-out, Figure 5.8, which agrees with the experimental 
results. 
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CHAPTER 5 TOOL-PART INTERACTION 
5.4 Measurements of the tool part interfacial shear stress in flat laminates with 
no release film 
In order to gain a better understanding of the tool-part interaction phenomenon an accurate 
measurement of the tool-part interfacial shear stresses is needed. In this study a novel "spot 
curing" method developed by Campbell [411 was used. Small spots of uncured prepreg were 
cured in order to provide an attachment location for the strain gauge. Curing of the spots was 
performed using a temperature-controlled soldering iron equipped with a 12 mm diameter 
aluminium cylindrical attachment, Figure 5.9. In order to prevent an excess of cured region 
the prepreg was supported on a ceramic puck and the cylindrical attachment was surrounded 
by insulation. The soldering iron was placed in an alignment jig and the spots were cured at 
250°C for 10 min. High temperature strain gauges BFLA-2-5 were attached to the cured spots 











Figure 5.9 Spot curing apparatus 
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5.4.1 Specimens manufacture 
The instrumented ply experiments were performed on three flat laminates. In each case a 
strain gauge was attached in the middle of the 300 mm long and 12 mm wide specimen as 





Figure 5.10 Strain gauge and sample set-up 
Before moulding the sample on the tool, the strain gauge had to be calibrated in order to 
account for possible fibre waviness and gauge misalignment. The calibration procedure 
involved curing the ends of the specimens between two temperature controlled heating plates 
to allowed them to be gripped in the test machine and then recording the strain as load was 
applied. The load/strain calibration was used for further analysis of the raw strain data 
recorded throughout the curing process. 
Six 300 mm long, 12 mm wide instrumented plies were moulded directly on the U-shaped 
aluminium tool. Three specimens were moulded flat, following the axial direction of the tool 
and the other three were moulded following the curvature of the tool, Figure 5.11. The strain 
gauge wires were carefully aligned along the sides of the specimen and were taken outside the 
tool by placing them in between two layers of tacky tape. Results of the experiment are shown 
in Figure 5.12 and Figure 5.13. In Figure 5.12 strain reading from only two gauges are 
presented. Results from the third gauge were not complete due to an error in the data logger 
settings. 
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Figure 5.12 Tool-part interaction induced strain in the 300 mm long flat composite laminate 
Figure 5.11 The instrumented ply experimental setup 
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Figure 5.13 Tool-part interaction induced strain in the 300 mm long U-shaped composite 
laminate 
Based on the results of this experiment, it could be argued that the development of the tool- 
part interaction induced strain in the laminate generally follows the thermal expansion of the 
tool with the final strain, measured just before the start of the cool down, being about 25 % of 
the tool strain for flat laminates and 35% of the tool strain for U-shaped laminates. Most of 
the strain develops in the early stages of cure before the matrix develops any substantial 
stiffness. Assuming uniform stress distribution across the thickness of the laminate, the 
interfacial shear stress corresponding to the measured amount of strain can be calculated 
using the following relationship: 
2"E"c"t 
z=L (5.6) 
where, E is the axial stiffness of the uncured prepreg, C is the tool-part interaction induced 
strain in the laminate, t is the thickness of the laminate and L is the length of the instrumented 
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ply. The calculated interfacial shear stress before gelation is equal to 0.17 MPa for the flat 
laminate and 0.2 MPa for the laminate following the curvature of the tool. Higher interfacial 
shear stress measured for the U-shaped laminates may be attributed to the anisotropic tool 
surface finish, which resulted from the tool machining technique. Careful examination of the 
tool surface revealed that the tool surface was rougher in the direction following the cross- 
section curvature when compared to the axial direction of the tool. 
The interfacial stresses calculated in this study are similar to the previously available data 
presented by Campbell 2002. The maximum interfacial shear stress measured by Campbell on 
a flat laminate was approximately equal to 0.16 MPa before the point of gelation. In the study 
reported here, the maximum interfacial shear stress measured before gelation was equal to 
0.17 MPa for flat and 0.2 MPa for the U-shaped laminates. 
5.4.2 Tool-part interaction on the onset of gelation 
In her research Shimbo et at [82] showed that the coefficient of friction of a polymer against 
metal increases as soon as a polymeric material crosses the glass transition temperature and 
transforms into a rubbery state. In this study the transition of the material from a liquid to a 
rubbery state was manifested with a sudden increase in the strain/temperature slope, Figure 
5.14. 
Linear regressions were fitted to the experimental data after the onset of gelation in order to 
investigate the level of interaction between the tool and the composite instrumented plies. The 
tool thermal strain was included in the plot to place the strain in the composite plies in 
perspective. The average increase of strain with temperature for the instrumented plies is 
equal to 25 µ strain/°C which is approximately 4% higher than the thermally induced strain in 
the tool. This small difference could be attributed to the possible misalignment of the strain 
gauges or an error in the gauge calibration. 
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Figure 5.14 Strain in the instrumented plies cured on the U-shaped tool plotted against 
temperature 
5.5 Analytical 
Differential expansion between the tool and part leads to slip at the interface and a shear stress 
due to friction. The force transmitted by this shear stress causes tensile stresses in the part. 
which stretch it. Tool interaction can be represented as a constant shear stress acting along the 
interface from the free end of the part until a distance `d' where the resulting strain matches 





where da is the difference in expansion coefficient between the part and tool, AT is the 
change in temperature, r is the shear stress, E is the modulus of the part and t is the thickness. 
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Figure 5.15 Schematic representation of tool-part interaction 
When bending the prepreg to conform to the shape of the tool, the fibres that are placed on the 
inner radius are placed under compression. Assuming that fibres in the uncured laminate can 
not support any compressive stress, the strain distribution through the thickness of the 
laminate corner will vary linearly with the maximum compressive strain on the inner radii 
equal to: 
=R (5.8) 
where t is the laminate thickness and R is the outer radius. 
The thickness of the laminate in the curved region affected by the expansion of the tool can be 
expressed by: 
k= a, o0, AT R (5.9) 
For simplicity a linear decay of in-plane stresses 6 through the thickness of the curved section 
was assumed, with the maximum stress carried by the fibres at the tool-part interface, Figure 
5.16. 
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Figure 5.16 Linear decay of in-plane stresses 6 through thickness of the curved section 
The force transmitted by the shear stress causes tensile stresses in the part, which stretch it. 
-i%2+k 
r (L+s-x) = 
J6. dy (5.10) 
-, 2 
where 1, is the sample arm length and S is the length of the arc. 




The bending moment M can be calculated by integrating the axial forces across the thickness 





Substituting equation 5.12 and 5.10 into 5.11 yields formula for the angle change. In the case 




Sz(2L + S)(2k - 31) (5.13) 
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Comparison between experimentally measured and predicted spring-out values is shown in 
Table 5.3. There is a good agreement between the simple model and experiments for the U- 
shaped laminates. In the case of C-shaped laminates the model over predicted final distortion. 
The discrepancy in the predicted and measured values of the spring-out for C-shaped 
laminates may be associated with the difficulty in experimental measurements of the 
specimen geometry or the simple assumption of the linear stress decay. 
Table 5.3 Comparisons between analytical and experimental spring-in angles 
Spring-out r= 16 mm Spring-out r= 30 R=23.5 mm 
U-channel mm U-channel C-section 
Average experiment 13.6° 16.5° 4.1° 
Model prediction. 14.9° 19.5° 7.3° 
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5.6 Conclusions 
The aim of the work described in this chapter, was to investigate the driving factors in the 
distortion of thin unidirectional and cross-ply laminates. The experimentally observed 
curvature of Im long, flat cross-ply laminates was relatively small in comparison to 
curvatures reported for other materials by other investigators. This was attributed to the 
absence of the tool-part induced stress gradient across the thickness of the analysed laminates. 
The modified method for monitoring strain in the sample during cure, developed by Campbell 
[41], was used in this study on both flat and U-shaped laminates. Experimental results show 
that the development of the tool-part interaction induced strain in the laminate generally 
follows the thermal expansion of the tool with the final strain being measured as about 25 % 
of the tool strain for flat laminates and 35% of the tool strain for U-shaped laminates. The 
measured strains are substantial, and with the absence of curvature in the flat laminates it can 
be concluded that strains are distributed uniformly across the thickness of the laminate. 
A new mechanism leading to distortion in flat laminates was identified. It was shown that the 
presence of fibre wrinkling in the corner of curved laminates can lead to substantial 
distortions in the presence of tool-part interaction. When tensile stresses are applied due to 
tool interaction, they are initially carried by the straight fibres in contact with the tool, leading 
to a stress gradient through the thickness of the laminate, which then results in a substantial 
distortion of the components. Finally a simple analytical model was derived which allows for 
quick analysis of the tool part interaction effects in thin, curved laminates. The results from 
the analytical model correlate quite well with the experimental results. 
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CHAPTER 6 DISTORTIONS IN U-SHAPED LAMINATES 
6. Introduction 
Most of the experimental work presented in the previous chapters of this thesis was carried 
out on relatively narrow components of constant thickness. The use of narrow specimens may 
be justified in the study of spring-in, as in some cases it can be considered as a 2D problem. 
However the width of the specimen needs to be increased in order to pick up other 
deformations e. g. twist along the sample or axial bending of the arms. Also in order to make 
an efficient structural design, the thickness of a component is often tapered as the requirement 
to carry load decreases. In structures made of composite materials, this is usually 
accomplished by dropping off plies. Tapered laminates find a great interest especially in the 
aerospace industry where reduction in structural weight is a crucial issue. The behaviour of 
tapered laminates has been studied in various aspects regarding for example stress 
concentrations and delamination, however the effect of ply drop-offs on the post cure 
geometry of the components has received less attention. It was expected that a taper region 
might exhibit greater deformations, compared to the other parts of a component of uniform 
thickness, due to the presence of residual stresses arising in the unsymmetrical laminate 
caused by the taper. The deformation of the taper is usually constrained by neighbouring parts 
of the component. This may cause build-up of stresses, which in extreme cases may lead to 
matrix cracks and delamination. 
In the study presented here, the explanation of process-induced distortions in longer U-shaped 
components of constant and varying thickness is given through a step-by-step analysis of 
thermoelastic and non-thermoelastic effects. These effects were investigated in various ways: 
- detailed geometry investigation of the U-channel as a whole, using a co-ordinate 
measurement machine (CMM) 
- detailed geometry investigation of the U-channel with slit arms, using the CMM 
- measurements of the thermoelastic response of the beam as a whole, measured at various 
positions along the beam 
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- measurements of the point to point variability in the thermoelastic response along the 
beam 
6.1. Specimen details 
Three specimens were available that had been cured inside the U-shaped aluminium tool 
presented in Chapter 3 following manufacturers recommended cure cycle. Each specimen was 
500 mm long with arm length equal to 61 mm on the 30 mm radius and 75 mm on the 16 mm 
radius respectively, Figure 6.1. All specimens were fabricated by hand cutting and lay-up 
followed by autoclave curing. Before starting the lay-up process the mould was cleaned with 
acetone and two types of release agents were applied (Frekote B-15 and Frekote 770-NC). A 
vacuum was applied every plies to minimise the effect of possible corner bridging. The sides 
of the specimens were dammed with cork, to minimize the effect of resin flow out of the 
laminate. 
75 mm1 
Figure 6.1 Geometry of the sample 
While the thickness of the first specimen (U1) was equal to 4 mm and was uniform in the 
axial direction, the thickness of the remaining two specimens (U2 and U3) was increased 
from 4 mm to 8 mm, half way along the sample length. The change in the specimen thickness 
was achieved by tapering the laminate in two different ways illustrated in Figure 6.2 and 
Figure 6.3 respectively. 
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Bag side 
Tool side 
Figure 6.2 Schematic representation of the external ply drop-off used to reduce 
thickness of the specimen designated as U2 
Bag side 
Tool side 
Figure 6.3 Schematic representation of the internal ply drop-off used to reduce thickness of 
the specimen designated as U3 
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The first case with the taper entirely at the surface is usually not considered to be desirable, 
however it has major advantages in terms of ease of manufacture and therefore probable lay- 
up quality. In the second case the ply drops were well distributed through the thickness. This 
kind of tapering is well known and widely used, however it leads to an excess of material in 
the top plies at the point where the thickness increases, and usually requires some tailoring of 
the plies. For both tapered specimens the stacking sequence in the 8 mm thick section of the 
U-channel is [45,90,45,0,45,0,45,0,0,45,0, -45,0,45,90, -45]S and [-45,90,45,0, -45, 
0,45,0], in the 4 mm thick section respectively. 
6.2. Initial geometry of the specimens 
The room temperature geometry of the cured specimens was established using a high 
precision 3D co-ordinate-measuring machine (BN710), equipped with a 40-mm long needle 
with 2-mm diameter ball, at AIRBUS UK. All measurements were carried out at room 
temperature. Samples were left for 1 hour in the CMM environment before taking 
measurements to minimise possible effects of temperature gradients. During the measurement 
each sample was supported at three points and the CMM probe was scanned following the 
curvature of the sample as shown in Figure 6.4. As a result of the U-channel geometry and the 




supported at 3 points 
Figure 6.4 CMM measurements of the U-channel component 
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The initial value of the spring-in was evaluated at 8 sections along the length of the U-channel 
for both 16 and 30-mm radius following approach presented in Chapter 3. Then each U- 
channel was slit, to create several independent regions, as illustrated in Figure 6.5. The arms 
were slit from the outer most edge of the arms till the end of the radius (beginning of the 
web). 
08 
Figure 6.5 U-channel section with slit arms 
The aim of the experiment was to eliminate the constraint effect from neighbouring regions 
on the local amount of distortion. The comparison between the spring-in angle values before 
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Figure 6.6 Variation in the room temperature spring-in angle before and after introducing slits 
r=16 mm, U1 
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Figure 6.7 Variation in the room temperature spring-in angle before and after introducing slits 
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Figure 6.9 Variation in the value of the initial spring-in angle along the length of the U2 (r = 
30 mm). 
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-0.2 Position along the length 
Figure 6.10 Variation in the value of the initial spring-in angle along the length of the U3 (r = 
16 mm) 
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-0.2 position along the length 
Figure 6.11 Variation in the value of the initial spring-in angle along the length of the U3 (r = 
30 mm) 
After introducing slits in the specimen with a uniform thickness, the spring-in angles for both 
16 and 30-mm radius increased at the opposite ends of the channel as shown in Figure 6.6 and 
Figure 6.7 respectively. The spring-in angles measured in the centre of the specimen remained 
unchanged within the measurement accuracy. The spring-in angle values measured for both 
tapered specimens, U2 and U3 in the areas of uniform thickness did not change significantly 
after introducing slits. An interesting feature observed in the geometry of the specimen with 
externally mounted taper is a high amount of spring-in occurring in the area of the ply drop- 
off after introducing slits. This high amount of deformation was attributed to the lay-up 
asymmetry, which is typical for the externally mounted tapers where the outermost ply is 
terminated at the beginning of the taper, creating a highly asymmetric area within the 
laminate, as shown in Figure 6.2. The specimen with the internal ply drop-off experienced a 
small reduction of the spring-in angle in the area of the taper after slitting the specimen. It is 
also shown that the thickness of the specimen has an effect on the spring-in angle. In the 
thicker part of the U-channels spring-in angles were approximately 10 to 15 % greater than 
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measured on the thinner end of the specimen. This effect may be attributed to the tool-part 
interaction phenomenon explained in more detail in Chapter 5 of this thesis. The results of 
this study are in agreement with the previously presented results for L-shape laminates, where 
it was shown that the spring-in angles measured on thin laminates (1 -2 mm thick) were 
significantly smaller compared to the spring-in angles measured on thicker components (3 -4 
mm thick). 
6.2.1. Bowing and twist of the U-channel web 
Whilst the U-channel web was essentially flat when measured by CMM as a part of the whole 
beam, it showed a considerable amount of longitudinal curvature when the radius and the 
arms were removed. Refer to Figure 6.12 for a comparison between experimentally measured 
web bowing before and after introducing slits. It can be seen that the arms and curved sections 
significantly stiffen the specimen in the longitudinal direction, preventing the occurrence of 
residual stress induced distortions. 
In addition to the bowing, detailed analysis of the U-shape geometry revealed a certain 
amount of twist occurring along the webs of the analyzed specimens. All specimens were 
twisted in the same direction. While bowing of the U-channel web could be observed only 
after slitting each specimen, the measured amount of twist was very similar before and after 
slitting. The rate of twist for both tapered specimens decreases at the thicker part of the 
component as illustrated in Figure 6.13, which can be attributed to the greater torsional 
stiffness of the 8 mm thick laminate. In order to gain a better understanding of the origin of 
the deformations observed on the U-shaped specimens, a thermoelastic study, was performed 
to measure the thermally induced component of these deformations. 
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Figure 6.12 Measured amount of bowing occurring along the web of composite U-channels 
0.3 U3 (specimen with internal taper) 
° U2 (specimen with external taper) 
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Figure 6.13 Twist of measured along the web of U-shaped specimens 
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6.3. Investigation of the thermoelastic response in the U-shaped laminates 
The laser reflection technique presented in chapter 3 was adapted to measure thermally 
induced changes of the geometry in the U-shaped laminates. Because of the large size of the 
specimens. it was necessary to design and construct a new oven that had the correct 
dimensions to fit in with the experimental requirements for this part of the work. The oven 
was equipped with two heating elements, 1000 W each, and a centrifugal fan placed in 
between them to ensure a uniform temperature distribution, which was verified within the 20" 
C to 250° C temperature range. The temperature is controlled using a programmable 
temperature controller. A schematic representation of the oven is shown in Figure 6.14. Each 
specimen was clamped at one point only to a tripod stand and then the whole assembly was 
placed on the bottom of the oven. There were two mirrors fixed to the sample, one at the point 
of fixation, to provide information about thermally induced motion of the support and another 
one at a certain distance from the point of fixation to provide information on thermally 






Figure 6.14 Schematic representation of the oven used to determine thermoelastic behaviour 





Figure 6A5 Schematic figure of the oven(a) and the jig(b) used for the purpose of the 
thermoelastic investigation 
6.3.1. Temperature distribution along the U-channel 
Any gradient of temperature occurring across the thickness of the component during the 
experiment might cause undesirable deformation, which might affect the measurement. An 
experiment was performed to check if the distribution of the temperature along the component 
was uniform, and how much time is needed for the temperature to stabilise before the 
measurement could be taken. Six thermocouples were attached to the component along both 
sides of the web, Figure 6.16. The component was then placed in the oven and the 
temperature was set to 900 C. 
ý_ 
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Pairs of thermocouples 
attached to the U-shaped 
specimen on opposite sides of 
the web 
Figure 6.16 Measuring the temperature gradient along the analysed U-channel component 
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Figure 6.17 Distribution of temperature on the U-shaped specimen 
All thermocouples were calibrated using a thermocouple calibrator FLUKE 714, before 
attaching them to the data logger. A difference of 15 degrees was observed during the heat- 
up stage, Figure 6.17. It took 25 minutes to achieve a temperature of 90 degrees. After 40 
minutes from the start of the experiment the temperature reading from all thermocouples 
equalised. It was then concluded that a total time of 60 minutes was sufficient to obtain the 
minimum temperature gradient within the analysed component. The maximum difference in 
between readings from different thermocouples was approximately equal to 2 °C. 
6.3.2. Measurement of the thermoelastic twist 
fwo mirrors were attached to the U-channel web as illustrated in Figure 6.15. To provide 
reliable and repeatable results, the influence of the clamping force and clamping position was 
checked on the specimen with a uniform thickness of 4 mm. The component was fixed to the 
jig in six different positions as shown in table 1. In each case after cooling the component to 
room temperature, the position of the clamp was changed and a temperature of 180°C was 
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applied. With the measurement accuracy equal to 0.01° it could be concluded that the position 
of the clamp as well as the clamping force did not influence measurements. The difference in 
between individual readings shown in Table 6.1 was small and in most cases felt to be within 
the error of the measurement. 
The measured amount of twist for the specimen with a uniform thickness was equal to 0.05°. 
compared to the total amount of twist of 0.26 °, measured at room temperature. The 
thermoelastic twist measured on specimens with a step change of thickness was 
approximately equal to 0.02° in both cases compared to the total amount of twist of 0.1 ° for 
the specimen with the external taper and approximately 0.2° for the specimen with the 
internal taper respectively. In each case thermally induced twist during heating occurs in the 
opposite direction to the twist measured at room temperature as illustrated in Figure 6.18. 
Table 6.1 The influence of the clamping position on the measured amount of twist 
Position of the clamp Change of temperature C° Measured amount of twist 
1" 160 0.04' 
2 160 0.05° 
" 
3 160 0.05° 
4 160 0.04° 
" 
5 160 0.04° 




Figure 6.18 Direction of the thermoelastic twist during the heat-up 
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The small amount of thermally induced twist compared to the total twist measured on all 
specimens at room temperature suggests a non-thermoelastic origin of this distortion. 
It was shown in Chapter 5 that tool-part interaction can cause significant spring-out in curved 
composite laminates. In the case of laminates with a 45 degree ply against the tool, tool-part 
induced tensile stress in this ply would cause axial bending, transverse bending and twist after 
the laminate is removed from the tool, 
Figure 6.19. While twist is not very noticeable in relatively short L-shaped laminates it could 
cause a considerable deformation in longer samples. In the case of the U-shaped laminates 
studied here, the first ply in direct contact with the tool was oriented with a 45° angle, Figure 
6.20. Tool part interaction induced tensile stresses in this ply would lead to the twist of the 
component in the direction shown in Figure 6.21, which agrees with the experimental results. 
45° fibre path 
Axial stress component 
responsible for longitudinal 
bending 
Fibre direction stress 
responsible for twist 
Transverse stress 
component responsible 
for transverse bending 
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16 nom radius 
30 nom radius 
y 
45° Constant fibre length Increasing fibre length 
Figure 6.20 Unfolded ply I of the u-channel (tool ply) 
R= 30 
R= 16 
Fibre direction of the first ply in contact with the tool 
Figure 6.21 Schematic representation of the room temperature twist measured on the U- 
shaped laminates 
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6.3.3. Thermally induced spring-in in U-shaped laminates. 
A set of experiments was conducted to investigate the effect of a temperature excursion on the 
change of the enclosed angle along the length of the U-channel. The experiment was 
performed initially on U-shaped laminates with no slits. After that the arms were slit from the 
outermost edge of the arms till the end of the radius (beginning of the web) and the 
experiment was repeated. The second set of experiments was performed in order to 
investigate point to point variation in the thermoelastic response. For the purpose of the 
thermoelastic investigation each U-shaped specimen was placed in the oven where the 
temperature was elevated in 40 °C increments to a maximum temperature of 180 ° C. There 
was a mirror attached at the point of fixation to provide information about jig movements and 
another one at the arm of the specimen to measure the spring-in angle, as shown in Figure 
6.22. The thermally induced change of the enclosed angle was evaluated after subtracting the 
previously measured thermally induced twist of the specimen. The experiment was repeated 
several times, each time changing the position of the main mirror along the length of the 
sample. The values of the thermally induced spring-in angles measured at various positions on 





Figure 6.22 Experimental measurements of the thermoelastic spring-in angle 
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Table 6.2 Variation in the thermoelastic spring-in angle along the length of the U- 
channel component r= 16 mm 
Position Initial Thermoelastic Room temperature Thermoelastic 
along the spring-in spring-in spring-in after spring-in after 
AT 
ý, Cý 
length angle slitting slitting 
1 0.79 0.59 0.97 0.58 160 
2 0.82 0.58 0.87 0.57 160 
3 0.81 0.59 0.83 0.59 160 
4 0.80 0.59 0.82 0.58 160 
5 0.78 0.58 
6 0.82 0.59 
7 0.85 0.59 
8 0.88 0.60 
0.80 0.59 160 
0.80 0.59 160 
0.87 0.60 160 
0.77 0.60 160 
Table 6.3 Variation in the thermoelastic spring-in angle along the length of the U-channel 

















1 0.81 0.57 0.90 0.58 160 
2 0.75 0.58 0.81 0.58 160 
3 0.69 0.57 0.75 0.59 160 
4 0.64 0.57 0.69 0.57 160 
5 0.68 0.58 0.69 0.57 160 
6 0.71 0.58 0.74 0.59 160 
7 0.71 0.59 0.81 0.60 160 
8 0.69 0.60 0.79 0.59 160 
Table 6.4 Variation in the thermoelastic spring-in angle along the length of the U-channel U2 

















1 1.08 0.61 1.03 0.61 160 
2 1.02 0.62 1.00 0.62 160 
3 1.06 0.61 1.01 0.62 160 
4(taper) 1.09 0.61 1.35 0.72 160 
5(taper) 1.09 0.61 1.35 0.72 160 
6 1.21 0.62 1.22 0.62 160 
7 1.26 0.61 1.24 0.62 160 
8 1.31 0.61 1.23 0.61 160 
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Table 6.5 Variation in the thermoelastic spring-in angle along the length of the U-channel U2 

















1 0.95 0.59 0.92 0.59 160 
2 0.92 0.61 0.95 0.61 160 
3 0.88 0.59 0.98 0.59 160 
4(taper) 1.03 0.59 1.35 0.86 160 
5(taper) 1.03 0.61 1.35 0.86 160 
6 1.24 0.61 1.21 0.62 160 
7 1.26 0.61 1.23 0.61 160 
8 1.36 0.61 1.31 0.61 160 
Table 6.6 Variation in the thermoelastic spring in angle along the length of the U-channel U3 

















1 0.80 0.59 0.83 0.59 160 
2 0.82 0.60 0.79 0.61 160 
3 0.81 0.59 0.77 0.59 160 
4(taper) 0.85 0.60 0.75 0.64 160 
5(taper) 0.85 0.60 0.75 0.64 160 
6 0.89 0.59 0.90 0.60 160 
7 0.92 0.60 0.91 0.60 160 
8 0.95 0.59 0.89 0.59 160 
Table 6.7 Variation in the thermoelastic spring-in angle along the length of the U-channel U3 
component r= 30 mm 
Position along 
Initial Thermoelastic Room temperature Spring-in after AT 
the length spring-in spring-in spring-in after introducing (°C) angle slitting slits 
1 0.81 0.58 0.78 0.58 160 
2 0.78 0.57 0.74 0.57 160 
3 0.80 0.58 0.75 0.58 160 
4(taper) 0.81 0.58 0.79 0.63 160 
5(taper) 0.81 0.58 0.79 0.63 160 
6 0.82 0.58 0.86 0.59 160 
7 0.84 0.58 0.86 0.58 160 
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Figure 6.23 Thermoelastic response of the U-channel with external ply drop-off, along the 
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Figure 6.24 Thermoelastic response of the U-channel with external ply drop-off, along the 
arm based on the r =30 mm 
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Figure 6.25 Thermoelastic response of the U-channel with internal ply drop-off. along the arm 


















o 32 plies r=30 mm 
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Figure 6.26 Thermoelastic response of the U-channel with internal ply drop-off, along the arm 
based on the r =30 mm 
116 
CHAPTER 6 DISTORTIONS IN U-SHAPED LAMINATES 
The results obtained in this study indicate that the variation in the response to the applied 
temperature is very small and mostly falls within the limits of measurement accuracy. It can 
be then concluded that the variation in the initial value of the spring-in angle originates from 
non-thermoelastic mechanisms, like tool-part interaction. 
No significant difference was found in the thermoelastic response between 4 mm and 8 mm 
thick parts of the component. This result agrees with the simple analytical formula, which 
does not predict thickness to be a contributor to the thermal spring-in. The thermally induced 
angle change in the tapered region after slitting was approximately 30 % greater for the 
specimen with external taper and 3% greater for the specimen with the internal taper when 
compared to the angle change in the area of uniform thickness. It is believed that the increase 
in the thermoelastic response in the tapered region results from the lay-up asymmetry. 
No difference was observed in the thermally induced angle change for the 4 mm thick section 
of the U-channel and the L-shape of the same stacking sequence manufactured on the invar 
tool presented in Chapter 3 of this thesis. However the room temperature spring-in angle for 
the specimen manufacture on the invar tool is approximately 10% higher compared to average 
value of the spring-in measured on the 4 mm thick section of the U-channel. This could be 
attributed to the effect of tool-part interaction which is greater in the case of a tool with a high 
thermal expansion coefficient e. g. aluminium, causing a reduction of the spring-in angle 
which was discussed in detail in Chapter 5. 
The measured amount of spring-in angle at room temperature for the specimen with external 
taper (U2) is approximately 30 % higher when compared to the spring-in angles measured on 
the specimen with internal taper(U3), however the amount of twist and bowing along the web 
of U2 is approximately 30 % lower when compared to U3. Differences in the measured 
amount of twist and bowing, as well as room temperature spring-in angle, for both U2 and U3 
could have been caused by a different amount of stresses transmitted from the expanding 
aluminium tool and locked in the component after it vitrified. This might have been a result 
of a vacuum bag leak, hence loss of the differential pressure and decrease of tool-part 
interaction forces. An additional argument which supports this statement is a small difference 
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in the colour of the U-channel 2, which is slightly brighter when compared to the specimens 
designated as UI and U3. This kind of phenomenon occurs as a result of oxidation in the 
aggressive atmosphere of the autoclave. Refer to Figure 6.27 for comparison of the surface 
colours between analyzed specimens. 
Colour of the specimen 
cured in the normal 
conditions(no bag burst) 
Specimen with the external 
taper 1. J2. Brighter golden 
colour is evidence of the 
\idation that took place as a 
". ult of vacuum bag burst 
ging the curing process 
Figure 6.27 Comparison of the surface finish in between U-channel with the external and 
internal taper 
6.4. Conclusions 
An experimental activity was performed to give a better understanding of process-induced 
distortions occurring in long U-channel components of uniform thickness and with ply drop- 
offs. A laser measurement technique was used to examine the response of the components due 
to applied temperature. It was shown that the variation in the thermoelastic response along the 
component is very small and in most cases within the error of the measurement. Also no 
significant difference was found in the thermoelastic response between 16 and 32 ply thick 
parts of the component. 
Whilst the webs of the analyzed specimens were essentially flat when measured by CMM as a 
part of the whole beam, they showed a considerable curvature and twist when the radius and 
arm elements were removed. This deformation was attributed to the presence of tool-part 
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interaction induced residual stresses. The geometry of the beam as made is clearly 
contributing to its geometrical stability, the converse of which is that there must be locked-in 
residual stress in the constrained component. 
119 
Chapter 7 
Process model. Model description 
CHAPTER 7 PROCESS MODEL 
7. Process model 
The application of numerical simulations in the study of autoclave curing processes has the 
potential for reducing process development cost and increasing the product quality. 
Currently tool designers account for the process induced deformations based on their 
experience and often approach the problem using trial-and-error techniques. Although this can 
give good results for parts of relatively simple geometry, with increasing demand on the 
composite part complexity, more sophisticated models need to be introduced which can help 
to predict the tool geometry required to consistently produce structures of high-quality within 
tight dimensional tolerances. 
As discussed in the literature review (chapter 2), a number of computational models have 
been developed to date which are related to autoclave processing. Some of these models are 
based on the assumption that the main source of residual stress development comes from the 
anisotropy in the thermal expansion coefficients on both the micro and laminate level. More 
recent work has revealed a number of other factors contributing to residual stress 
development e. g. cure shrinkage, consolidation, and tool part interaction. Currently available 
commercial packages like COMPRO address most of the above mechanisms, however their 
tool-part and interply interaction algorithms are limited and do not fully reflect real autoclave 
situation. The main objective of this work is the introduction of a three step 2-D finite element 
model, which considers all the above mechanisms and allows for prediction of process 
induced stresses and deformations. What differentiates this model from those discussed in 
Chapter 2, is the introduction of frictional interfaces in between the tool and the laminate and 
in between individual plies in the laminate stack. In order to simplify the model, continuous 
development of material properties was replaced with a three step approach which takes into 
account major changes in the material properties corresponding to the viscous, rubbery and 
glassy states of the resin. A detailed model description is followed by case studies performed 
on a number of L-shaped laminates with varying geometry and laminate orientations. While 
work presented in this chapter considers only 2D section of the composite component in 
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Appendix 2a finite element technique for predicting thermally induced deformations in 
composite laminates with single curvature, using shell elements is presented. 
7.1 Model development 
There are two main transitions that can be distinguished during the curing process of a 
thermosetting resin. The first one is gelation occurring at approximately 30 % degree of 
conversion and the second one is vitrification occurring at approximately 70% degree of 
conversion for the material and the cure cycle used in this study. Gelation is an irreversible 
process and corresponds to the formation of a 3-D infinite network of polymer chains. 
Vitrification occurs once the glass transition temperature reaches the curing temperature and 
the resin transforms from the rubbery to the glassy, solid state. In the case of neat resin, the 
development of the resin modulus is explained in Figure 7.1. 
º-" (i I Liquid Rubbery Glassy 






Figure 7.1 A schematic depiction of resin modulus development during cure 
The evolution of composite properties strongly depends on the cure temperature history and 
curing conditions. It is desirable to simulate the curing process taking into account continuous 
development of material properties, however if there is insufficient data, the introduction of 
not fully characterized parameters would complicate the model and could cause errors in the 
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final prediction. The observation of the material properties development, during the 
manufacturers recommended cure cycle, suggests that the cure process can be modeled using 
a three-step model. This simplified approach takes into account only major changes in the 
material properties corresponding to the viscous, rubbery and glassy states of the resin. The 
fully relaxed modulus is of the order of a few MPa, whereas the glassy modulus is a few GPa. 
Consider a rod of neat resin in the gelled state as depicted in Figure 7.2. 
Initial geometry 
Strain in the rubbery 
state __Strain in the glassy 1 
state 
Figure 7.2 Schematic representation of the neat resin bar subjected to the external load 
a 
E 
a- strain in the rubbery state, b- strain in the glassy state as a result of locked in stresses 
Figure 7.3 Stress-strain curve of a vitrifying polymer with loading in rubbery state and 
unloading in glassy state 
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By applying an external force the rod will deform with the rubbery modulus, which is 
represented by the path 1-2 in Figure 7.3. If the rod is allowed to vitrify under the condition of 
applied external force and then the load is removed it will retract to a stress-free state 
following the glassy stress-strain curve. Since the glassy state modulus is a few orders of 
magnitude higher than that of the rubbery state, there will be a residual locked-in deformation 
even after the load is removed. 
In the case of a composite laminate, the picture is more complicated due to the development 
of fibre stresses in the viscous state. Build-up of fibre direction stresses can occur as a result 
of tool-part interaction or consolidation. Aluminium or steel tools have much higher 
expansion coefficients than composite laminates and tend to stretch the parts as they heat up. 
This occurs at the early stages of the cure, when the resin modulus is low, causing tensile 
stresses that decay away from the tool surface. This stress profile is locked in as the resin 
vitrifies and when the part is removed from the tool, the locked in stresses cause a bending 
moment, forcing the part to bow away from the tooling surface. 
In curved sections the scenario is even more complex, and stress in the fibres may build up 
due to consolidation in the viscous state. When a uniformly laid-up stack of prepreg is 
consolidated, there is insufficient length in the prepreg to follow the curvature of the tool and 
bridging occurs unless slip in between plies is allowed. Limited possibility of slippage can 
lead to build-up of tensile stresses in the tows close to the inner radius. These stresses are 
locked in as the part cures, contributing to the increase of the spring-in angle for external tool, 
Figure 7.4. 
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Figure 7.4 Fibre stresses due to corner consolidation 
7.2 Process stress-strain model 
An ABAQUS process simulation model was developed in order to calculate residual stresses 
during the cure of composite flat and curved laminates. The stress-strain simulation was 
divided into three steps corresponding to liquid. gelled and vitrified states of the resin. The 
changes in the material properties were obtained through the application of the user 
subroutine UMAT which is discussed later in this chapter. 
7.2.1 Assumptions of the model 
" The stress-deformation model examines a 2-D cross-section of a component 
" The analysis is performed in three steps corresponding to viscous, rubbery and glassy 
states of the material 
" The mechanical properties of a single lamina ply are orthotropic 
" There is no possibility for the plies to lose contact with each other throughout the 
analysis 
0 Laminate plies become locked together once the material passes the point of gelation 
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0 There is no temperature gradient across the thickness of the laminate 
0 The model is in the plane strain condition until the point of vitrification 
0 After pressure removal the laminate cools down in the plane stress condition 
7.2.2 First step. Tool interaction and interply friction 
It has been widely discussed in the literature that when a thermosetting resin is in the liquid 
state it is not capable of sustaining any mechanical stress (except pressure). However results 
of the experimental work carried-out as a part of this thesis showed that substantial stresses 
could arise in the fibre direction even in the early stages of the curing process, Chapter 6. 
There are two fundamental mechanisms by which this can occur. Firstly small shear stresses 
at the tool interface can build up over a long distance to cause tension in the part. Secondly 
locking can occur, where the geometry of the part forces it to move with the tool as it 
expands. In order to get an accurate prediction of residual stress build-up in the first step of 
the analysis the effect of tool-part as well as interply interaction was modeled using ABAQUS 
mechanical contact interaction capabilities. Contact surfaces were defined for both the tool 
and the part, using the ABAQUS option *SURFACE. Each surface is defined by specifying 
nodes or node sets that form the surface. Then these surfaces are matched by using the option 
*CONTACT PAIR. The order in which the two surfaces are specified is critical because of 
the manner in which surface interactions are discretized. For each node on the "slave" surface 
ABAQUS/Standard attempts to find the closest point on the "master" surface of the contact 
pair where the master surface's normal passes through the node on the slave surface. The 
interaction is then discretized between the point on the master surface and the slave node. The 
characteristics of the contacting surfaces are defined by using the option *SURFACE 
BEHAVIOR. Interaction normal to the surface is the default "hard" contact relationship, 
which allows no penetration of the slave nodes into the master surface and no transfer of 
tensile stress across the interface. Interactions tangential to the surface are modelled by the 
classical isotropic Coulomb friction model, where the interfacial shear stress is proportional to 
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the contact pressure, and the constant of proportionality is the friction coefficient. In addition 
to this, ABAQUS allows the introduction of a shear stress limit, which is the maximum value 





Figure 7.5 Coulomb friction with limiting shear stress 
Interface parameters 
In the first step of the analysis the coefficient of friction at the tool-part interface is set to 0.5 
with a limiting shear stress of 0.17 MPa, which was experimentally measured as a part of this 
study, CHAPTER 5. Ply pull-out experiments presented by [77] indicated that the limiting 
shear stress in between laminate plies is twice as high as this measured at the tool-part 
interface. In this study a value of 0.34 MPa was used as a limiting shear stress in between 
laminate plies during the first step of the analysis. In the second step of the simulation the 
composite material is in a rubbery state. The value of the friction coefficient for a rubbery 
polymer on the polished steel found from the literature varies from 0.5 to 0.8 for a fully cured 
epoxy taken above its glass transition temperature and 2-3 for a soft butadiene-styrene 
copolymer rubber. In this work the baseline value of the rubbery friction coefficient is set to 
1. The parametric analysis presented in the following chapter shows the effect of the friction 
coefficient in the rubbery state on the sample arm bowing and the predicted spring-in angle. 
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7.2.3 Second step. Cure shrinkage 
In the second step, the resin is in the rubbery state, defined by a characteristic value of the 
rubbery state modulus of the resin. The laminate plies are locked together using the ABAQUS 
*CHANGE FRICTION, FRICTION=ROUGH option. This option is used to prevent any 
sliding and separation occurring at the interfaces between laminate plies. At this stage transfer 
of the in-plane stresses across the laminate thickness is controlled by the laminate rubbery 
shear modulus Gr. As it was described in the previous chapters of this thesis, during curing of 
thermosetting composites the resin undergoes cross-linking reactions that lead to an increase 
of material density and reduction in volume. In the case of composite laminates the in-plane 
fibres restrict the chemical contraction of the matrix, and the whole contraction will occur in 
the through thickness direction in the absence of any constraining reinforcement. 
In this work the effect of cure shrinkage was modeled by an equivalent coefficient of thermal 
expansion. The data on the cure shrinkage was obtained from the experimental measurements 
of through-the-thickness strains during cure performed as a part of this thesis, Chapter 4. 
7.2.4 Third step. Cool down and removal from the tool 
In the third step, the resin vitrifies and transforms to the glassy state, and the resin modulus 
increases a few orders of magnitude. The deformations imposed in the first step are frozen in 
and as the autoclave pressure and restraints imposed by the mould are released by removing 
the boundary conditions, the part is allowed to deform freely as it cools down to room 
temperature. 
7.3 Material properties 
7.3.1 Properties of the AS4/8552 laminate in the rubbery and glassy state 
The material properties of the lamina were calculated through the cure cycle using a Finite 
Element Based Micromechanics (FEBM), as a collaborative effort with Dr. Nuri Ersoy. The 
corresponding properties of the resin are predicted using Group Interaction Modelling, and 
the thermoelastic properties of the AS4 carbon fibres taken from the literature. Detailed 
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description of the modelling procedures is given in Appendix 1. The material coordinate 
system is shown in Figure 7.6, where the fibre direction is the 1-direction, the transverse 
direction is the 2-direction, and the through-the-thickness direction is the 3-direction. The 
constitutive relation for the composite in the rubbery or glassy state can be expressed as: 
Ell lIE -v,, /E -v, 3/E 0 0 0 
E22 - v, 2 
I E22 I/ E22 
- v2; 
I E22 0 0 0 622 
£33 -V 13 
I E33 
- V,, 
I E33 1/ E33 0 0 0 633 
112 0 0 0 I/G,, 0 0 ,, 
713 0 0 0 0 I/G 0 r 
y23 0 0 0 0 0 I/ G,; r,; 
where for a transversely isotropic composite, v12 = v13 , 
E22 = E33, G12 = G13 , and 
C, 13 = 









Figure 7.6 The fibre, transverse, and through-the-thickness directions. 
(7.1) 
The properties in the rubbery and glassy states used for modelling are listed in Table 7.1 and 
Table 7.2, together with their source. 
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Table 7.1 Composite material properties in the rubbery state 
PROCESS MODEL 
Rubbery 
Property Unit Value Source 
E,, MPa 132000 FEBM 
E22 = E33 MPa 165 FEBM 
G12 = G13 MPa 44.3 FEBM 
G23 MPa 41.6 FEBM 
v12 = v13 - 0.346 FEBM 
v23 - 0.982 FEBM 
cure 633 % 0.48 Experiment. Details in Chapter 4 
Table 7.2 Composite material properties in the glassy state 
Glassy 
Property Unit Value Source 
Ell MPa 135000 Airbus UK 
E22 = E33 
MPa 9500 Airbus UK 
G12 = G13 MPa 4900 Airbus UK 
G23 MPa 4900 Airbus UK 
V12 = V13 - 0.3 Airbus UK 
V23 - 0.45 Airbus UK 
a22=a33 E/°C 32.6 Experiment. Details in Chapter 3 
ai i c/°C 2E-8 Airbus UK 
Sc re 33 % 0 Experiment. Details in Chapter 4 
7.3.2 Material properties in the viscous state 
There is no experimental or analytical value for the through-thickness modulus when the resin 
is in a viscous state, however a baseline value is taken as the 1/10 of the corresponding value 
in the rubbery state, which gives 5% through thickness consolidation strain in the presence of 
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the applied autoclave pressure equal to 0.69 MPa. This was based on the experimental results 
for vacuum preconsolidated unidirectional laminates, details presented in Chapter 4. In the 
first step of the analysis the value of the through-thickness shear modulus was equal to that of 
the AS4 carbon fibres. This was done in order to achieve a uniform stress distribution across 
the thickness of the ply. Since the transfer of the in-plane stresses across the thickness is 
controlled by the frictional interfaces the final spring-in prediction was found to be insensitive 
to the value of the through thickness shear modulus in the first step of the analysis. 
As in the early stages of cure material is in the liquid state, the coupling between the 
longitudinal and transverse response has been neglected. A simplified model is employed 
based on the following elastic constitutive relation (7.2), 
E, 1/E, 006, 
63 =01/ E3 0 Q3 
(7.2) 
T13 001I G13 713 
where El, E3 and G13 are elastic constants controlling behaviour of the laminate in the first 
step of the analysis. 
7.4 Step change in the material properties. User subroutine UMAT 
During gelation a significant increase in the resin elastic modulus can be observed. In a 
similar way the properties of the material change during the transition from the rubbery to the 
glassy state. In the analysis presented here a step change in the material properties is achieved 
through the application of user subroutine UMAT. The elastic properties of the composite are 
updated at the beginning of each step based on the change of material state. At the end of the 
iteration the user subroutine UMAT calculates the incremental changes of stress and updates 
the total stress as shown in schematic Figure 7.7. 
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START 
Update the stiffness matrix with the valid material 
properties for a given step 
Calculate incremental stresses based on the strains 
which are passed into UMAT 
1- V12 v3,0 
00 
E, E22 E33 
V23 
















°+I(n) = cr 
+J(n-1) 
+ e6U 
Figure 7.7 Schematic block diagram of the 3-step model 
7.5 Geometry of the model 
There are two different geometries used in order to validate the model. In the first case an L- 
shape laminate was cured on female tooling. The tooling radius varied between 16 and 20 
mm. The laminate arm length varied between 25 and 100 mm. The third case modeled here is 
a C-shape laminate cured on the inner side of a cylindrical tool. The thickness of the laminate 
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for both L-shape and C-shape laminates varied between 0.25 mnm and 4 mm. Schematic 
representations of the modeled laminates are shown 
in Figure 7.8. 
Composite C-shape laminate cured Composite L-shaped laminate cured 
on cylindrical tool on female tool 
Figure 7.8 Schematic representation of the modeled laminates 
7.6 Meshing and boundary conditions 
Generalized plane strain elements were used to model a 2D section of the L-shape or C- 
shaped laminate. In this case the model lies between two planes that can move with respect to 
each other. It is assumed that the deformation of the model is independent of position with 
respect to this direction, so the relative motion of the two planes causes a direct strain in the 
direction perpendicular to the plane of the model only. Each of the generalized plane strain 
elements has an extra node with 3 degrees of freedom, 2-rotations and out of plane 
translation. Restraining these degrees of freedom leads to a plane strain condition. When the 
out of plane translation is released the model is in the plane stress condition. 
Before vitrification the composite is believed to be in a plane strain condition, since its 
stiffness is low and it is restrained to the mould by the autoclave pressure. After vitrification 
the in-plane stiffness of the material increases and the autoclave pressure is removed. With 
the absence of any external forces the plane stress condition was assumed to be valid during 
the third step of the analysis. The use of generalised plane strain elements allows switching 
from a plane strain condition in the rubbery state to the plane stress condition in the glassy 
state by removing the transverse translation restraint imposed on the reference node common 
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to all elements. The rotation degrees of freedom are restrained in order to prevent anticlastic 
effects. Meshed geometries are shown in Figure 7.9 and Figure 7.10. 
Symmetry li 
Tool 
Figure 7.9 Mesh of the C-shaped laminate cured on inside of the cylindrical mould 
3 Tool 
114 2 ./ 
3 
Composite 
laminate Symmetry line 
Figure 7.10 Mesh of the L-shaped laminate cured on the female tool 
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7.7 Conclusions 
A 2D linear elastic model has been proposed for predicting process induces residual 
stresses and distortions in curved composite laminates. The model takes into account the 
effect of tool-part interaction, consolidation, and interaction between the plies, cure shrinkage 
and residual stress development during the cool down from the curing temperature. The cure 
process was modeled using a three-step approach, taking into account only major changes in 
the material properties corresponding to the viscous, rubbery and glassy states of the resin. 
In the following chapter, results obtained from the finite element simulations are correlated 
against experimental data and the influence of various processing parameters is separated. 
134 
Chapter 8 
Finite element analysis of process induced residual 
stresses and distortion 
CHAPTER 8 FINITE ELEMENT ANALYSIS 
8. Introduction 
In this chapter the development of the residual stress and distortion in curved composite 
laminates is discussed. The 3-step finite element model presented in the previous chapter is 
used in order to separate the relative contribution of the tool-part interaction, cure shrinkage 
and thermal expansion strains to the final distortion of composite laminates. To show the full 
capability of the model, results obtained from the finite element simulations are correlated 
against experimental data and the influence of various processing parameters is separated. 
8.1 Spring-in of the C-shaped components 
It was discussed in the literature that the arms of the L-shape can significantly affect spring-in 
measurement, especially in the presence of arm bowing. In order to avoid this problem, the 
development of the residual stress and distortion in 2700 segments of composite tubes with no 
arms was investigated. Specimens were cured on the inside of an aluminium tube following 
the manufacturers recommended cure cycle. All C-shaped specimens presented in this 
Chapter were manufactured by Dr. Nuri Ersoy as a part of the COMPAVS program. The 
outer diameters of the composite parts were measured at room temperature using high 
precision CMM, and the equivalent spring-in angles were calculated for a 90° angle with 
respect to the tube inner diameter measured at 1800 C using a ball ended gauge. A detailed 
description of the spring-in angle calculation for the composite tubes and the experimental 
set-up was shown in Chapter 5. 
Figure 8.1 shows the general pattern of the deformation predicted by the finite element model. 
In Step 1, the consolidation and tool-part interaction take place. The transfer of the in-plane 
stresses across the thickness is controlled by the frictional interfaces. In Step-2 cure shrinkage 
occurs leading to further reduction in the laminate thickness. In this step transfer of the in- 
plane stresses across laminate thickness is controlled by the rubbery shear modulus. 
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a) Undeformed mesh 
Aluminium tool 
Composite specimen 
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c) Deformation at the end of STEP-3 
Removal from the tool 
and spring-in 
Typical steps resulting 
from laminate plies 
slipping past each other 
during consolidation 
Figure 8.1 Exaggerated Deformation pattern of the 4 mm thick composite C-shape with a 90° 
stacking sequence cured on the inside of the aluminium tube 
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Figure 8. lb illustrates deformation of the laminate edge with typical steps resulting from 
laminate plies slipping past each other during consolidation. In Step-3, the composite vitrifies 
and stresses developed in Step-I and Step-2 are locked-in. After removal from the tool and 
cool-down the composite C-shape springs-in. Figure 8.2 and Figure 8.3 show the comparison 
between experimental and numerical results for various laminate thicknesses. The amount of 
spring-in decreases with increasing sample thickness for both 90° and cross-ply laminates. 
The FE predictions are fairly close to the experimentally measured values. A 10% 
discrepancy can be observed in spring-in angles for thinner specimens with 90 degree and X- 
ply stacking sequence. This could have been caused by the low bending stiffness of the thin 
laminates and a possible deformation as a result of CMM probe contact. 
1.4 ® Experiment 









sample thickness mm 
Figure 8.2 Comparison between predicted and measured spring-in angles for composite tubes 
with a 90° stacking sequence cured on the aluminium tool 
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sample thickness mm 
Figure 8.3 Comparison between predicted and measured spring-in angles for composite tubes 
with a cross-ply stacking sequence, cured on the aluminium tool 
In Figure 8.4 relative contribution of consolidation, cure shrinkage, tool part interaction and 
thermoelastic component to the final distortion was separated. It can be seen that the effect of 
tool part interaction is almost negligible for laminates thicker than 4 mm, whilst it can 
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sample thickness mm 
Figure 8.4 Relative contribution of thermoelastic and non-thermoelastic factors to the final 
spring-in for 90° composite C-shaped laminates cured on the aluminum tool 
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The effect of other non-thermoelastic contributors to the spring-in decreases with increase of 
the laminate thickness. As expected the thermoelastic component of the deformation is 
independent of the laminate thickness. 
8.1.1 The effect of rubbery shear modulus on spring-in 
Before vitrification the resin elastic modulus is very low, and it is often assumed that the 
material is stress free. However in the case of curved laminates small changes in the through- 
thickness direction with restricted possibility of through-thickness shear can build-up 
significant in-plane stresses even in the early stages of the curing process, Figure 8.5. These 
small changes in the laminate volume can occur as a result of consolidation, chemical 
shrinkage of the resin and thermal expansion in the liquid and rubbery state. In the early 
stages of cure when the resin modulus is very low the possibility of plies shearing past each 
other is limited by interply friction. In the case of a laminate with no restriction on ply shear, 








t- initial thickness t'- thickness after 
Figure 8.5 Through-thickness contraction in the curved laminate. a) undeformed shape, 
b) through-thickness contraction with no restriction on shear, c) through-thickness contraction 
with restrained shear. 
The in-plane stresses which build-up in the early stages of cure are locked within the laminate 
as soon as it vitrifies, and can significantly contribute to the final deformation of the curved 
139 
CHAPTER 8 FINITE ELEMENT ANALYSIS 
laminate. Figure 8.6 shows the effect of the rubbery shear modulus on the spring-in of the 4 
mm thick 2700 section of the composite tube. It can be seen that an increase in the rubbery 
















Grubbery=44.3 MPa 2x I Ox Gruhbcty 
Shear modulus MPa 
1.39 
100 x Gruhherv 
Figure 8.6 The effect of rubbery shear modulus on the spring-in of composite tubes 
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8.2 Spring-in of the L-shaped laminates 
FINITE ELEMENT ANALYSIS 
Several L-shaped laminates were manufactured on female invar and aluminium tools with 
outer radii of 16,20 and 30 mm. The width of the specimen was 50 mm in each case. Spring- 
in angles were measured using high precision CMM. In each case there were 10 
measurements taken along the arm length. The first point coincided with the end of the curved 
section as shown in Figure 8.7. The angle between the arms was taken as being the angle 
between lines drawn from the end of each arm to the end of the radius, in order to take 
account for the arm bowing. 
Enclosed angle 
Figure 8.7 Extracting spring-in angle from the deformed L-shaped geometry 
The value of the spring-in angle from the numerical model was extracted using an analogous 
approach to that which was used for the real part. The measurement points were moved 
inwards from the part edges to take account for trimming as suggested by Johnston. Figures 
8.8 and 8.9 show comparisons between experimentally measured spring-in angles and finite 
element predictions for both 900 and cross-ply L-shapes laminates manufactured on the invar 
tool with a 20 mm radius. The thickness of the laminate was varied between 1 and 4 mm. The 
length of the sample arms was equal to 100 mm in each case. Contrary to the results for the 
spring-in angles measured on the composite tubes, L-shapes exhibit a decrease of the spring- 
in for thinner laminates. Both experimental and numerical results show approximately 20% 
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higher spring-in angles for a cross ply laminate when compared to the spring-in angles 














Figure 8.8 The effect of laminate thickness on the spring-in angle in the L-shaped laminates 












Figure 8.9 The effect of laminate thickness on the spring-in angle in the L-shaped laminates 
with cross-ply stacking sequence 
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The same was also seen by Johnston [39], Rennic and Radford [8] and Patterson 1661. In 
Figure 8.10 the relative contribution of cure shrinkage, consolidation, tool-part interaction and 
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Q consolidation 
23 




Figure 8.10 Relative contribution of thermoelastic and non-thermoelastic factors to the final 
spring-in of L-shaped laminates cured on the invar tool (R=20) 
While thermal contraction and cure shrinkage were found to be the most significant 
contributors to the spring-in in thick laminates, the effect of tool part interaction was the most 
significant factor influencing final geometry of thin laminates. Consolidation gave 16 % 
increase in the spring-in angle in 4 mm thick laminates. Similarly to the tool-part interaction 
the effect of consolidation increases with decreasing laminate thickness. 
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8.2.1 The effect of tooling material 
FINI'1'F. F1, F\IIIN'I' : \NAINSIS 
As the pressure and temperature are applied in the autoclave the surface material is put into 
tension due to shear, which arises at the tool-part interface. This may result in a non-uniform 
stress distribution through the thickness of the laminate. The stress gradient is locked into the 
component as soon as the resin vitrifies so that when the part is removed from the tool, at the 
end of the cure cycle, the stresses are relieved and the laminate distorts. In the case of 
molding on female tooling, the gradient of locked-in stresses will tend to reduce spring-in. 
The predicted spring-in angle for laminates manufactured on the female tooling decreases 












  FE prediction 
900 
Cross-ply 
Invar Aluminium Invar Aluminium 
Tooling material 
Figure 8.1 1 The effect of tooling material on the predicted spring-in angle. Aluminium tool 
radius = 16 mm, invar tool radius = 20 mm 
An aluminum tool with thermal expansion coefficient of 24x10-' gives a spring-in angle 
approximately 20% lower than an invar tool with CTE of 1.5x10-6. This observation agrees 
with results obtained by Wiersma [60] and Zhu [22]. 
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8.2.2 Arm bowing 
H INITF, ELEMIEN'I' A NAI, A IS 
Measurements of the samples geometry using high precision CMM revealed a certain amount 
of arm bowing in most of the specimens. The arms of the specimens bow with convex-up 
curvature as shown in Figure 8.12. It was observed that the amount of bowing increases with 
decreasing thickness of the laminate. Refer to Figures 8.13-8.15 for comparison between 




Figure 8.12 Arm bowing of the L-shaped specimen 
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Figure 8.13 Comparison between measured and predicted arm bowing for the I mm thick 
cross-ply laminate 
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Figure 8.14 Comparison between measured and predicted arm bowing for the 2 mm thick 
cross-ply laminate 
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Figure 8.15 Comparison between measured and predicted arm bowing for the 4 mm thick 
cross-ply laminate 
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8.2.3 Through-thickness strain during cure 
In his research Johnson [39] observed a reduction in the corner thickness of the L-shaped 
laminates manufactured on a male tool. The reduction in laminate thickness was attributed to 
resin flow from the corner into the adjacent areas of the arms. L-shaped laminates which were 
used in this study were manufactured on female tooling. Contrary to the results presented by 
Johnston, sample thickness increases in the area of the corner, Figure 8.16 as expected due to 
the different tool. 
Corner thickening. Female Corner thinning. Male 
tooling tooling. 
Figure 8.16 The effect of tooling on the thickness profile of the L-shaped laminate. 
Figure 7.17 shows the thickness profile of the 4mm thick laminate with a 900 stacking 















position along L-shape 
Figure 8.17 Thickness profiles of the 4mm thick laminate with a 900 stacking sequence 
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The finite element model which is used in this study does not provide a capability to model 
the resin flow. It is capable however of capturing the effect of thickness reduction in the arms 
as a result of consolidation and increase in the corner thickness as a result of fibre bridging. In 
Figure 8.18 the through thickness strain is plotted along the length of the L-shaped specimen 
at the end of each step. 
During the first step the material is in a viscous state and both consolidation and tool-part 
interaction are taking place. During this step the arms of the component compact 
approximately 4 %, whereas the corner is experiencing almost no thickness change. This is 
purely a geometrical effect and will occur unless slip between the plies is possible. If bridging 
occurs the thickness in the radius will be greater than elsewhere, which agrees with the 
experimental observations. 
Distance along the sample mm 



















8.2.4 Separation from the tool 
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When examining cured laminates it can be noticed that the corner tool-surface of the laminate 
shows greater roughness when compared to the area of the arms, as shown in Figure 8.19. 
There are two possible sources that could cause this effect, one is the poor surface finish of 
the tool in the bend region and the second is loss of contact between the cured component and 
the tool. Careful examination of the tool surface did not reveal any scratches or defects that 
could be projected on the laminate during the curing process. 
The finite element results revealed that the corner of the L-shaped laminate losses contact 
with the tool as a result of cure shrinkage occurring in the second step of the analysis. In 
Figure 8.20 the interface pressure and the separation distance from the tool are shown at the 
end of the second step of the analysis for the 4 mm thick cross-ply laminate. 
n Position from which 
Il the photograph was 
taken 
Areas where separation 
from the tool occurred. 
90'' stacking, sequence Grus-plY stacking sequence 
with a 90° ply against the tool 
Quasi isotropic stacking 
sequence with a 45 degree 
ply against the tool 
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At Step 2 the contact pressure in between the component and the tool is equal to the autoclave 
pressure in the area of the arms. As a result of cure shrinkage the corner loses contact with the 
tool, and the contact pressure at the corner drops to zero Figure 8.2I I. 
Tool 
Composite laminate 
Figure 8.21 Separation from the tool as a result of through-thickness cure shrinkage 
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Figure 8.22 shows the relationship between the sample radius and the separation distance 
for 
a2 mm thick, 90-degree laminate. It is predicted that 
decreasing the sample radius increases 
the separation distance. For the 2 mm thick laminate simulated 
here the effect of separation 
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Figure 8.22 The effect of tooling radius on the corner separation 
8.3 Conclusions 
A finite element model was built in order to investigate the development of the residual 
stresses and spring-in angle during cure of composite C-shaped and L-shaped laminates. 
Generalized plane strain elements were used to model a section of a long structure that can 
expand axially or is subjected to axial loading. 
The model takes into account the effect of tool-part interaction, consolidation, and interaction 
between the plies, cure shrinkage and residual stress development on the cool down from the 
curing temperature. 
It was shown that the spring-in angle in composite C-shaped laminates is dependent on the 
laminate thickness. The spring-in angle decreases for thicker laminates. C-shaped laminates 
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with a cross ply stacking sequence showed approximately 30% higher spring-in angle when 
compared to laminates with a 90° stacking sequence. Contrary to the results for the spring-in 
angles measured on the composite tubes, L-shapes exhibit a decrease of spring-in for thinner 
laminates. Both experimental and numerical results show higher spring-in angles for a cross 
ply laminate when compared to the spring-in angles measured on specimens with a 900 lay-up. 
It was also shown that the thermal expansion coefficient of the tool strongly affects the final 
spring-in angle. Numerical results show that the spring-in angle for a 2mm thick laminate 
manufactured on aluminium female tooling is approximately 20 % smaller when compared to 
a laminate of the same geometry manufactured on an invar tool. 
It was shown that the cure shrinkage occurring after gelation can cause separation of the 
laminate from the tool in the curved region. This effect decreases for samples manufactured 
on tools with bigger radius. 
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9. Conclusions and recommendations 
9.1 Conclusions 
An improved laser reflection measurement technique was developed to measure thermally 
induced spring-in of composite L-shaped components showed a linear relationship between 
applied temperature and the induced spring-in over temperatures ranging from 20 to 180 
° C. 
Results of the experimental work allowed the thermoelastic and non-thermoelastic portion of 
the total distortion to be separated. The effects of the laminate stacking sequence, thickness, 
sample arm length and radius were investigated. Cross-ply and angle-ply laminates showed 
20% higher spring-in when compared with the laminates with 90° stacking sequence, which 
agrees with the prediction from a simple analytical formula. It is evident from the 
experimental measurements that a large portion of the total room temperature distortion in the 
curved laminates is caused by non-thermoelastic mechanisms. 
The coefficients of thermal expansion for the glassy and rubbery states were calculated from 
the slopes of the lines before and after Tg, and found to be 107 x 10.6 °C-1 in the rubbery 
state and 32 x 10.6 °C-1 in the glassy state respectively. The value of the through-thickness 
expansion calculated from the laser reflection technique measurements correlates very well 
with the in-plane CTE measurements using strain gauges. This shows that the material used in 
this study is transversely isotropic. 
A novel approach has been developed to measure the changes in thickness of epoxy laminates 
during the whole cure cycle. The technique captures the thermal expansion during the heating 
stages, the laminate consolidation throughout the cure process, and also the cure shrinkage. 
The effect of temperature and consolidation pressure on changes in thickness during cure was 
investigated and a clear difference in cure shrinkage for UD and cross-ply specimens was 
found. In parallel to the shrinkage measurements, ply pullout tests were performed on 
unidirectional specimens at different temperatures, corresponding to the cure schedules in the 
shrinkage experiments. It was found that when the resin approached a degree of cure of 0.31 
the magnitude of force required to shear plies past each other increased significantly. This 
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was found to be the case for each cure temperature used and was taken, as the point at which 
the process induced stresses could be locked-in. 
The average through-the-thickness strains after the onset of gelation for samples cured 
according to the MRCC were found to be 0.48% for unidirectional and 0.98% for cross-ply 
laminates respectively 
The coefficients of thermal expansion for the liquid and rubbery states were calculated from 
the average slopes of the lines before and after gelation, and found to be 373 x 10-6 
°C-1 and 
202 x 10.6 °C-' respectively. 
Tool-part interaction was identified to be crucial to the development of residual stress and 
deformation in thin laminates. Experiment results showed that the development of the tool- 
part interaction induced strain in the laminate generally follows the thermal expansion of the 
tool with the final strain being measured as about 25 % of the tool strain for flat laminates and 
35% of the tool strain for U-shaped laminates. It was observed that after the onset of gelation 
the interaction between the composite laminate and the tool increases. The incremental strain 
readings from the instrumented plies are approximately equal to the expansion of the 
aluminium tool. 
With the absence of substantial curvature in the flat laminates it can be concluded that tool- 
part interaction induced strains are distributed uniformly across the thickness of the laminate. 
A new mechanism leading to distortion in thin laminates was identified. It was shown that for 
very thin laminates (single ply) the effect of fibre wrinkling in the curved section of the 
specimen needs to be taken into account in order to correctly predict the post cure geometry 
of the laminate. When tensile stresses are applied due to tool interaction, they are initially 
carried by the straight fibres in contact with the tool, leading to a stress gradient through the 
thickness of the laminate, which then results in a substantial distortion of the components. 
Having achieved a good understanding of process induced distortions in relatively small 
composite laminates, an experimental activity was performed to give a better understanding 
of process-induced distortions occurring in long U-channel components of uniform thickness 
154 
CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS 
and with ply drop-offs. It was shown that the variation in the thermoelastic response along the 
component is very small and in most cases within the error of the measurement. Also no 
significant difference was found in the thermoelastic response between 16 and 32 ply thick 
parts of the component. A huge increase in the thermoelastic response was observed in the 
area of the taper for the specimen with external ply-drops. This was attributed to the lay-up 
asymmetry. 
It was shown that the geometry of the beam as made is clearly contributing to its geometrical 
stability, the converse of which is that there must be locked-in residual stress in the 
component. Whilst the webs of the analyzed specimens were essentially flat when measured 
by CMM as a part of the whole beam, they showed a considerable curvature and twist when 
the radius and arm elements were removed. 
Finally a 2D, 3-step finite element modeling approach was devised in order to investigate the 
development of the residual stresses and spring-in angle during cure of composite C-shaped 
and L-shaped laminates. The model takes into account the effect of tool-part interaction, 
consolidation, and interaction between the plies, cure shrinkage and residual stress 
development on the cool down from the curing temperature. What differentiates this model 
from other commercial packages available on the market, is the introduction of frictional 
interfaces in between the tool and the laminate and in between individual plies in the laminate 
stack. This proved to be important especially for thin laminates. In order to simplify the 
model, continuous development of material properties was replaced with a three step 
approach which takes into account major changes in the material properties corresponding to 
the viscous, rubbery and glassy states of the resin. 
lt was shown that the spring-in angle in composite C-shaped laminates is dependent on the 
laminate thickness. The spring-in angle decreases for thicker laminates. C-shaped laminates 
with a cross ply stacking sequence showed approximately 30% higher spring-in angle when 
compared to laminates with a 90° stacking sequence. Contrary to the results for the spring-in 
angles measured on the composite tubes, L-shapes exhibit a decrease of spring-in for thinner 
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laminates. It was shown that the cure shrinkage occurring after gelation could cause 
separation of the laminate from the tool in the curved region. This effect decreases 
for 
samples manufactured on tools with bigger radius. 
9.2 Recommendations 
Instrumented ply experiments have been carried out to measure the effect of tool-part 
interaction throughout the cure. Further experimental work should be undertaken to measure 
development of residual stress arising in the cured laminates as a result of consolidation. 
Instrumented plies should be placed in several locations across the thickness of the laminate. 
This should be then correlated with the finite element model, allowing better understanding of 
the stress build-up in the early stages of cure. 
It was assumed that the frictional coefficient in between laminate plies is length invariant. 
This should be confirmed by running test like the one presented by Ersoy [77], varying the 
length of laminas interfaces contact. 
The presented finite element model is based on the 2-D assumption of plane strain during cure 
and plane stress during cool down. It was shown in Chapter 6 of this thesis that in the case of 
long specimens twist and axial bending can significantly contribute to the final distortion. 
These deformations can not be accounted for with a 2-D analysis. 
During the COMPAVS program, experimental measurements of the development of resin and 
composite modulus throughout the MRCC have not been done, and all modelling efforts are 
based on the micromechanics predictions based on resin properties predicted by Group 
Interaction Modelling. Since there are several modelling assumptions and variables in this 
approach, the validity of the properties predicted should be verified against experimental 
measurements. 
Future efforts should concentrate on development of 3-D finite element models. The 
efficiency of shell elements should be utilized, and their shortcoming regarding the through- 
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thickness performance could be accounted for using analytical models like the ones presented 
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MICROMECHANICAL MODELS TO PREDICT THE 
DEVELOPMENT OF COMPOSITE MECHANICAL 
PROPERTIES THROUGH THE CURE 
Nuri Ersoy, Tomasz Garstka, Kevin Potter, and Michael R. Wisnom 
University of Bristol, Department of Aerospace Engineering 
Queen's Building, University Walk 
BRISTOL BS8 ITR, UNITED KINGDOM 
ABSTRACT: In this study, the mechanical properties, thermal expansion coefficients 
and cure shrinkage strains of AS4/8552 composite, which are relevant to the 
modelling of the processing are calculated through the Manufacturer's Recommended 
Cure Cycle (MRCC). The corresponding properties of the resin are predicted using 
Group Interaction Modelling, and the thermoelastic properties of the AS4 carbon 
fibres taken from the literature. The thermoelastic properties of the resin develop 
through the MRCC as a function of time from a viscous fluid of monomers to first a 
rubbery solid, then a glassy solid as the resin cures by cross-linking. An analytical 
approach based on the Self Consistent Field Micromechanics (SCFMM) is used to 
calculate the thermoelastic properties and cure shrinkage of the composite as a 
function of time. Predictions using SCFMM are compared to the predictions based on 
a Finite Element Based Micromechanics (FEBMM), which models the composite as a 
hexagonal array of perfectly aligned fibres in a matrix of resin. It has been found that 
although SCFMM and FEBMM give similar results in the glassy state of the resin, 
SCFM method underpredicts the through-the-thickness properties in the rubbery state 
where there is a higher order of magnitude difference between the resin and fibre 
properties as compared to the glassy state. The predictions are compared to the 
experimental data where experimental data are available. 
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1. Cure Kinetics 
The development of cure during the manufacturing cycle is modelled using the cure 
kinetics model proposed by Cole et al. [1] and utilized by Johnston [2,3], which takes 
into account a shift from kinetics to diffusion control: 
da Ka"([a-a))] 
; a( = a(. o +a(.,. T; K= Ae(-eFIxr) dt l+e 
(1) 
where AE is the activation energy, A is the pre-exponential cure rate coefficient, m 
and n are first and second exponential constants, C is the diffusion constant, aaO is the 
critical degree of cure at T =0 K,. and aeT is the constant accounting for the increase 
in critical resin degree of cure with temperature. However the constants of the model 
are recalculated by using dynamic DSC tests performed in a TA Instruments DSC 
2920 Modulated DSC at QinetiQ, UK [4]. The MRCC was simulated in DSC for both 
prepreg and the neat resin, and no difference is found between the two. The values of 
the constants found by QinetiQ are given in Table 1. The cure kinetics model using 
Johnston's constants do not represent the development of cure throughout the MRCC, 
whereas the model using constants found by QinetiQ exhibits a very good fit the 
experimental data as will be seen below. QinetiQ constants are used throughout this 
study. 
Table 1 Cure kinetics constants for 8552 resin 
Constant Value Unit Comments 
Hj 6.5 x 104 J/g Ultimate heat of reaction 
Ea 7.0 x 104 J/gmol Activation energy 
A 0.5 s -I rate coefficient 
m 1.5 First exponential constant 
n 8.314 Second exponential constant 
R 30 J/mol1K Gas constant 
C 5.171 x 10-3 Diffusion constant 
aCT -1.515 Critical degree of cure at T=OK 
aco 6.5 x 104 Constant accounting for increase 
in ultimate a with T 
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The glass transition temperature (Tg) is one of the most important parameters in the 
cure cycle, and it increases during the MRCC up to a maximum attainable value 
depending on the cure temperature. The time at which Tg reaches the process 
temperature is called the vitrification point, and the resin transforms from a rubbery to 
a glassy solid passing through this point. The relative time location of the vitrification 
point with respect to the cure cycle is an important factor in the development of 
locked-in stresses during manufacturing. Here, the development of Tg through the 
MRCC is predicted using GIM and compared to the DSC measurements of the Tg of 
samples quenched at various stages of cure through the MRCC. 
1.1 Group Interaction Predictions of Tg 
The glass transition temperature can be predicted as a function of degree of cure using 
Group Interaction Modelling (GIM) as follows [4]: 
Tg =0.224.6+0.0513"E2! (2) N 
where 
ßE(' h +(1 -, 6) Eoh ý3) /ýJp ' N 
I"" coh 
+ (1-ß)Nncoh 
where the superscripts p and m correspond to the cured polymer and monomer 
respectively, ß= a/a and a = 0.927 is the ultimate degree of cure obtainable by 
180°C cure found from the cure kinetics model. The values and explanations for the 
GIM constants for both uncured monomers and cured polymers are given in Table 2. 
Table 2. Group Interaction Modelling Parameters [4] 
Parameter Symbol Uncured monomers Cured Polymer 
Cohesive energy Ecoh (J/mol) 127400 141728 
Van der Waal's volume V,,, (cc/cool) 162 162 
Degrees of freedom N 316 42.3 
Molecular weight M 316 20.6 
Reference Temperature 0 [K] 550 550 
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1.2 Differential Scanning Calorimetry 
Composite samples and resin samples squeezed out of cure-quenched samples during 
processing were also tested by DSC for residual heat of reaction and glass transition 
temperature, Tg. The composite tests were done by AIRBUS UK [5]. Three scans 
were performed by heating the samples up to 300 °C at a rate of 10 °C/min and the 
average ultimate heat of reaction was recorded to be 211.4 J/g for the composite 
which corresponds to a ultimate heat of reaction of 556.3 J/min for resin. Another 
batch of samples are held at constant temperatures of 80,100,120,130,140 and 
150°C and then quencheddThey were reheated at a rate of 10°C/min, and the residual 
heat of reaction and the glass transition temperature were recorded. 
The resin tests were performed on samples quenched at various stages of cure during 
the MRCC. They were scanned at a rate of 2°C/min until the temperature reaches 
300°C. The ultimate heat of reaction for virgin resin was measured to be 574±13 J/g. 
The degree of cure of the samples can be found from the residual heat of reaction, HR 
and ultimate heat of reaction, Hu using the formula: 
a=1-HR HU 
(4) 
In Fig. I Tg is plotted versus a for both resin and composite samples. A discrepancy 
can be seen between the resin and composite data, and this is believed to be due to 
different heating rates. The higher heating rate employed for the composite scans 
shifts Tg to higher temperatures. The resin data is believed to be more representative 
of the Tg for the MRCC since the rate is the same as the ramp rates in the MRCC. On 
the same graph second order polynomials fitted to the resin and composite data are 
shown. 
For the resin the empirical relationship between Tg and a is given as: 
Tg =164.6a 2+51. Oa + 2.67 (5) 
where Tg is in °C. 
In Fig. 2, the process temperature, T, the glass transition temperature, Tg, calculated 
using Eq. 1, and a predicted by the cure kinetics model are plotted versus time 
throughout the MRCC, together with the DSC measurements of a and Tg for cure 
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quenched samples. The initial degree of cure is measured to be zero by using Gel 
Permeation Chromatography. There is excellent agreement between the model 
predictions and the experimental measurements. From the graph it can be seen that the 
time of vitrification depends on the relationship between T. and rx, and if GIM 
prediction is used, vitrification occurs 30 minutes after the I80"C soak period starts 
and if empirical relationship is used. this period is approximately 45 minutes. It 
should be noted that vitrification is the change of state of the polymer from a rubbery. 
viscoelastic solid to a glassy, elastic solid. At the vitrification point, the instantaneous 
glass transition temperature of the resin, which is increasing throughout the process 
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Fig. I Glass transition temperature measured by DSC and predicted by GIM plotted 
against the degree of cure for 9552 composite and neat resin. 
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Fig 2. Cure kinetics model predictions for degree of cure plotted versus time 
throughout the MRCC. The degree of cure and T,,, measurements of quenched samples 
are superimposed. 
2. Resin Thermal Expansion and Shrinkage 
Resin thermal expansion and shrinkage are important parameters in both residual 
stress formation and thermoelastic spring-in during processing. Although some 
shrinkage may take place even in the early stages of cure, the amount of shrinkage 
before the gel point is not important in terms of residual stress formation since the 
resin is in a viscous state and it cannot sustain any stress, whereas after the gel point it 
is rubbery and the thermal shrinkage causes residual stresses if the resin is constrained 
from contracting freely. 
2.1 Group Interaction Modelling Predictions 
The volumetric shrinkage of the resin during curing can be expressed in terms of free 
volume of the polymer network, and as the cure develops, the free volume decreases 
causing shrinkage. 
The volume of a polymer is determined by the intrinsic van der Waal's volume, V,,., of 
the component atomic groups and the intermolecular separation distance, r. V, is the 
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volume of the polymer at the depth of the potential energy well of interaction and ro is 
the equivalent separation distance [5] 
V_r2_ 
1- 0.107+2.17 Try 




Trff =T-82-tan-'(T/82) (7) 
It should be noted that in this relationship, the change in free volume depends on both 
temperature and degree of cure through N/E. O,, which 
is given by Eq. (3). 
So the total volumetric strain including the thermal expansion and cure shrinkage is 




_1 VITRO (8) 
where the nominator is the free volume at a certain moment on the cure cycle and is a 
function of the temperature T and degree of cure a at that moment. The denominator 
is the free volume of the virgin resin at room temperature TR and no cure, a=0. 
If partially cured resin is cooled down to room temperature, the change in volumetric 
strain of a partially cured resin from the process temperature T to the room 
temperature TR is given by the expression: 
-1 Osý" =V 
ýTC, 
VITRQ (9) 
where the denominator is the free volume of the partially cured resin (a) at room 
temperature TR. If it is subtracted from the total strain, the cure shrinkage strain can 
be found. Hence the cure shrinkage strain at the processing temperature is: 
EV = Sv - AEýh (io) 
If the cure shrinkage does not take place, or if the resin behaves only 
thermoelastically, the thermoelastic volumetric strain of the resin can be found by 
adding the negative of the cure shrinkage strain to the thermoelastic strain change as if 
no cure shrinkage has taken place: 
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rh dc. ' / £l, _ AEI, '- EI'. `1 
The evolution of these strains during the MRCC is plotted in Fig. 3. It should be noted 
that in the first ramp, there is no cure shrinkage, and the total volumetric strain 
increases linearly with temperature, giving the volumetric thermal expansion 
coefficient of the monomers as 466 x 10-(' C-'. During the first soak period, the resin 
starts to cure, and shrink to a certain extent. However most of the shrinkage takes 
place during the second ramp and onwards. The total volumetric shrinkage is about 
5%. It should be noted that the thermal expansion strain changes even during the 
constant temperature hold periods due to the change in coefficient of thermal 
expansion as the resin cures. The cured resin exhibits a volumetric coefficient of 
thermal expansion of 207 10-` C-'. What these CTEs correspond to in composite is 
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Fig. 3. The thermal expansion, cure shrinkage, and total volumetric 
strains throughout the cure cycle. 
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2.2 Experimental measurements. 
There are no experimental measurements of cure shrinkage strains of the resin 
throughout the MRCC 
3. Mechanical Properties of the Resin Through the Cure 
The development of the resin modulus is important in modelling the response of the 
composite to shrinkage and thermal strains because the residual stresses locked in the 
composite will depend on the stiffness of the composite. Here, resin modulus 
development through cure, as calculated by GIM is summarized. There are no 
experimental measurements available to date. 
3.1 Resin Modulus Development 
The development of the shear modulus of the resin is predicted from its chemical 
structure by QinetiQ, UK [6] using Group Interaction Modelling (GIM). A 
commercial software package (DryAdd) was used to produce simulations of the 
development of resin structure through the cure, which provided all the different 
molecular types in the resin at any point in the cure cycle, and can be used as an input 
to GIM. 
The predicted values of shear modulus of the 8552 resin through the MRCC are 
plotted in Fig. 4. Below a cure fraction of about a=0.35, the shear modulus is 
practically zero since the resin is in liquid state, at a=0.35, the resin starts to gel and 
up the point of vitrification, since the polymer is above Tg, the resin exhibits a rubber- 
like elastic modulus of the order of a few MPa. The position of the start of gelation is 
relatively good agreement with the ply pull-out test as explained later in Section 4. As 
Tg approaches to the cure temperature, the polymer vitrifies and the elastic modulus 
increases several orders of magnitude to a value typical of a glassy polymer. The 
vitrification point exhibits itself as the second sharp rise in resin modulus and is 
around 20 minutes into the second soak (according to the GIM predictions it is around 
30 min. at the 180°C soak). The shear modulus of the fully cured neat resin is 
predicted to be 1118 MPa. The product data sheet for 8552 resin [7] quotes a resin 
Young's modulus value of 4670 MPa at room temperature, which corresponds to a 
shear modulus of 1704 MPa. It should be noted that the glassy modulus is a function 
of temperature, decreasing with increasing temperature. In this study a linear 
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relationship is assumed between the glassy moduli and temperature, since there is no 
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Fig 4. Development of the shear modulus with time for the MRCC profile. 
3.2 Resin Poisson's Ratio Development 
The resin Poisson's ratio is given by: [2,3] 
yr 
1 
1Gr(1-2v°ß) (10) -2 - G' 
where v' =0.37 is the unrelaxed Poisson's ratio. This equation implies that the 
Poisson's ratio of the resin is 0.5 in the rubbery state, and goes down to 0.37 in the 
glassy state. There is no information supplied for the development of resin Poisson's 
ratio through GIM. 
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4. Gel Point Found by Ply Pull-Out Tests: 
Another important transition during the curing process is gelation, where the polymer 
chains are cross-linked to form a polymer network and start to sustain load. The gel- 
point is a crucial parameter in any residual stress modelling, due to the fact that before 
gelation the resin is stress-free since it is in liquid state and is not capable of 
sustaining any load. In a separate set of tests [8], two layers of prepreg were pulled 
out from between another two layers, which they were cured between two heating 
plates replicating the MRCC. In Fig. 5 the pull-out shear stresses for three different 
pull-out rates are plotted against time for the MRCC profile. It can be observed that at 
the beginning of the second ramp, the shear stress gets lower as the viscosity 
decreases. However, due to acceleration in cross-linking of the resin, a further 
increase in temperature does not cause a further decrease in shear stress. After a 
certain point, the shear stress increases slightly up to a point around 160°C where a 
sharp increase in shear stress and linear shear stress-displacement behaviour is 
observed. The point at which there is a sharp increase in shear stress corresponds to 
cr=0.30 and corresponds to the gel point This technique has proved to be very 
effective in determining the gel point of the resin. The viscosity of the resin through 
the MRCC as calculated by GIM [6] is shown in Fig. 6, and the sharp increase in 
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Fig 6. Resin viscosity against time through the MRCC. 
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5. Self Consistent Field Micromechanics Model (SCFM) 
Elastic constants and strains for unidirectional plies can be determined from the 
mechanical properties and strains of their constituent resin and fibre properties using 
the Self Consistent Field Micromechanics equations first proposed by Whitney and 
Riley [9] and adopted by Bogetti and Gillespie [10] to predict the ply properties of a 
carbon fibre- thermoplastic composite. This method assumes that continuous, circular 
fibres are arranged in repeating cellular elements, and applies classical theory of 
elasticity to simplified models of a composite unit cell to calculate the longitudinal 
and transverse moduli, Poisson's ratios, thermal expansion coefficients, and cure 
shrinkage strains. The Equations are given in Appendix A, and the AS4 carbon fibre 
properties are taken from Ref [10] and listed in Appendix B, Table B2. However, the 
longitudinal modulus of the fibres are modified according to the manufacturer's data 
sheet [11]. 
5.1 Moduli Development 
The development of the shear moduli of the composite, as well as the transverse 
Young's modulus is calculated using Eqs. A3-5, and plotted in Fig. 7. The room 
temperature moduli are calculated using the manufacturer's data of Er at room 
temperature, which is quoted to be 4670 MPa [7], which corresponds to a shear 
modulus of 1704 MPa. It should be noted that the glassy modulus is a function of 
temperature, decreasing with increasing temperature. Since there is no information 
about the actual dependency, in this study a linear relationship is assumed between the 
glassy moduli and temperature: 
E22 =-26.7"T+7860 (11) 
where T is in T. 
The manufacturer's data sheet gives values for E22 measured at room temperature, and 
93°C and these values are 9.58 and 8.41 GPa respectively [12]. These two data points 
are also included in Fig. 7. The moduli are replotted in a linear scale in Fig. 8. There 
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Fig. 7 Development of the shear moduli, and the transverse Young's modulus of the 





























Fig. 8 Fig. 7 replotted in a linear scale. 
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5.2 Poisson's ratios 
The development of Poisson's ratios is plotted in Fig. 9. It can be seen that the resin 
Poisson's ratio goes from a rubbery value of 0.50 to a glassy value of 0.37 as the resin 
vitrifies. However, rubbery 1', 3 of the ply, which should practically have a value of 1.0 
is underpredicted by the SCFM method. If the rubbery composite is stretched in one 
of the through-the-thickness direction, the contraction in the fibre direction is 





























Fig. 9. Development of Poisson's ratios through cure. 
5.3 Transverse Cure Shrinkage 
5.3.1 Predictions Based on GIM and SCFM 
The thermal and cure shrinkage strains of the ply are computed using Eq. A. 12 and 
A. 13. The coefficients of thermal expansion for the AS4 fibres are given in Table B. 2. 
The thermal expansion and cure shrinkage behaviour of the resin is predicted by GIM, 
and plotted in Fig. 3. When finding the cure shrinkage strains, the resin shrinkage 
strains are assumed to be completely constrained in the fibre direction: the composite 
shrinkage occurs only in the transverse and thickness directions. The predictions for 
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the through-the-thickness strains are plotted in Fig. 10. About 1% total shrinkage in 
the transverse direction at cure temperature is predicted. The transverse 'ii . of the 
fully cured composite is predicted to be 40 x 10-6 C-1 as compared to the previously 
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Fig. 10. Transverse cure shrinkage of the composite 
5.3.1 Experimental Measurements of cure shrinkage 
Through-the-thickness cure shrinkage of AS4/8552 composite was measured using a 
novel technique in a separate study [131. and some of the results obtained in this study 
are summarized here. In this technique. unidirectional and crossply stacks of prepregs 
were placed in between two heating plates, and the whole assembly was placed in a 
die-set. The MRCC was replicated in terms of temperature and a pressure of 0.68 atm 
(approximately 1/10 of the autoclave pressure). The through-thickness strain was 
measured using a non-contact video extensometer. 
Strain versus time graphs for three unidirectional and cross-ply samples throughout 
the MRCC are plotted in Fig. I I and Fig. 12 together with the recorded temperature 
profile. The initial preconsolidation levels were different for the three samples in each 
batch, as reflected by the different consolidation strains at the first ramp and hold of 
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the MRCC. In the same Figures, the strains are zeroed at the peak during second ramp 
so that the shrinkage after the gel point can be determined. 
In Fig. 11 .b micromechanics prediction of through-the-thickness strain 
for a 
unidirectional composite throughout the MRCC from Fig. 10 is superimposed on the 
experimental data (shown in red line), and as can be seen from the Figure, the 
prediction is in very good correlation with the experimental data after the gel point. 
However, since the prediction cannot capture the consolidation process, the prediction 
deviates considerably from the experimental data before gelation. 
Several regions where different mechanisms are effective can be distinguished. At 
Region I the resin is expanding as a result of increasing temperature, however at about 
60°C, the thickness starts to reduce due to consolidation, trapped air rejection and 
resin flow, which continues in Region II, up the onset of the second ramp. Cure 
kinetics indicate that there may be some cure shrinkage as well. However in Region 
111, in the first part of the second ramp, there are three mechanisms competing against 
each other: consolidation, cure shrinkage, and thermal expansion in liquid state, where 
the latter is believed to be dominant. The peak coincides with the onset of gelation, 
though that should be considered as a mere coincidence. In Region IV, the 
consolidation mechanism ceases to be effective; since the resin is gelled, there cannot 
be any void migration or resin flow. The cure shrinkage becomes dominant over 
thermal expansion and an overall reduction in thickness is recorded. 
The total through-the-thickness strains after the onset of gelation is an important 
parameter in terms of residual stress modelling. The values for each unidirectional and 
crossply sample and their average are shown in Fig. 13. The average values are found 
to be 0.48±0.06% for unidirectional and 0.98±0.13% for cross-ply composites. The 
through-the-thickness strain for the cross-ply composite is approximately twice that of 
the unidirectional, indicating that there is no lateral constraint in unidirectional 
composites, whereas in crossply samples, the lateral contraction is completely 
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Fig. 11 Measured through-the-thickness strain as a function of time of a unidirectional 
stack undergoing MRCC. In (b) the strains are zeroed at the peak during the second 
ramp. The micromechanics prediction is superimposed on the experimental data 
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Fig. 12 Measured through-the-thickness strain as a function of time of a cross-ply 
stack undergoing MRCC. In (b) the strains are zeroed at the peak during the second 
ramp. The micromechanics prediction is superimposed on the experimental data 


















Fig. 13 Through-the-thickness cure shrinkage strains after gelation for unidirectional 
and crossply composites. The averages of three tests are also plotted. 
5.3.2 Thermal Expansion Coefficients 
The thermal expansion coefficient in the transverse direction was measured using high 
temperature strain gauges. Five strain gauges of gauge length 2 mm (Gauges 1-5) 
were bonded onto a plate of composite on a line in the transverse direction with 10 
mm spacing between the centre of each gauge. In addition to those, two strain gauges 
of 50 mm gauge length (Gauges 6 and 7) were bonded on the opposite faces of the 
composite plate to observe if there is any bowing of the plate. Compensation gauges 
were bonded on a zero thermal expansion titanium silicate glass. The plate and the 
titanium silicate glass are heated to 150°C in an oven and then let to cool inside the 
oven. The strain gauges are balanced at 150°C, and the strain and temperatures on 
both the plate and the titanium silicate glass are recorded. The strains are plotted 
against the temperature in Fig. 14, where the strain responses of all the gauges seem to 
be linear. If a linear regression is performed on the individual curves, the CTE values 
in Table 3 are obtained. It should be noted that the CTEs from strain gauges of 2 mm 
gauge length exhibit a variability reflecting the point-to point variation of the CTE 
values along the plate and the misalignment problems. The average value of these five 
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strain gauges is 32.59 ±1-81 µE/°C and this value matches very closely the values 
measured from 50 mm strain gauges (32.58 and 32.89 µe/°C). A value of 32.6 µE/°C 
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Fig. 14 The response of the strain gauges used for CTE measurement 
Table 3 CTE values obtained using a linear 
regression on the strain gauge signals 
Gauge # CTE2 (µs/°C) 
Gauge 1 31.45 
Gauge 2 30.37 
Gauge 3 33.06 
Gauge 4 32.92 
Gauge 5 35.14 
Average 32.59: 0.81 
( lauge 6 32.3 
Gauge 7 32.89 
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6. Finite Element Analysis Based Micromechanics (FEBMM) 
The Self Consistent Field Micromechanics (SCFMM) equations to find the ply 
mechanical properties are believed to have limited applicability, especially when there 
are a few orders of magnitude difference between the properties of the constituent 
materials when the matrix is in the rubbery state. Especially, the rubbery Poisson's 
ratio, v23, found not to be correctly predicted using SCFMM. Hence a Finite Element 
approach was adopted to predict the composite properties from the constituent 
properties. The micromechanical model predicts the behaviour of the composite 
subjected to thermal expansion/cure shrinkage, out-of-plane axial loading, and axial 
shear. 
The longitudinal and transverse Young's moduli, Ell, E22, in-plane and transverse 
shear moduli, G12 and G23, as well as the in-plane and transverse Poisson's ratios of 
the AS4/8552 ply are determined just before vitrification in the rubbery state and the 
glassy state. Although there are experimental data for the glassy state, there is no 
experimental data for the corresponding rubbery properties. 
6.1 Finite Element Model 
The packing geometry considered here, is a hexagonal array of carbon fibres. The 
composite structure is divided into unit cells and within each unit cell, fibres and the 
surrounding matrix material are modelled. In Fig. 15. a, the hexagonal array 
distribution of the fibres and the dimensions of the unit cell are shown. The diameter 
of the fibre (8 utm) and the nominal fibre volume fraction (57.4%) is taken from the 
manufacturer's data sheet [11,12]. 
The finite element program ABAQUS was used to solve the problem. The model 
consists of a single layer of three-dimensional elements in the axial direction. Only a 
three dimensional model can handle both out of plane axial loading and in-plane axial 
shear loading. The finite element mesh is shown in Fig. 15. b. The elements are 20- 
noded brick elements with quadratic displacement interpolation and numerical Gauss 







Fig 15. Unit cell for hexagonal array of fibres (a) and the corresponding finite element 
mesh (b). 
6.2 Constituent Material Properties 
The shear modulus of the resin at the rubbery state just before vitrification was 
obtained using Group Interaction Modelling. The rubbery modulus is assumed to be 
0.5, however, it is entered as yr = 0.499 in the FEA not to cause a non-positive 
definite material matrix. The glassy Young's modulus and Poisson's ratio are 
obtained from the Manufacturer's data sheet [7], and have the values E, =4670 MPa 
and v8 0.37. The fibre properties are taken from a previous paper [10] and are listed 
in Table B2. 
6.3 Boundary Conditions 
Out-of plane loading: In order to simulate the out-of-plane loading, the nodes in the 
ßr-'0 plane are restrained in the x-direction, the y-0 plane is restrained in the y- 
direction, and the z=0 plane is restrained in z-direction. Furthermore, the nodes in the 




plane are constrained to have the same y-displacement, and the nodes in the z= -13- L 
plane are constrained to have the same z-displacement. This set of boundary 
conditions allows the planes on opposites faces of the unit cell to move with respect to 
each other while staying parallel to each other. For finding E22, v23, v12, a unit 
pressure is applied to the top surface, and the displacements of opposite faces are 
recorded. The boundary conditions are summarized in Table 4. Here, C means that the 
nodes are restrained in the direction indicated, F means that they are set free to move, 
and P means that they are constrained to move with other nodes in the same plane in 
the direction indicated. 
When a constant stress is applied at the top plane, the resulting deformation is shown 
in Fig. 15. 
Table 4. Boundary Conditions for out-of plane loading and thermal loading 
X y z 
x=0 C F F 
x=l P F F 
Y=O F C F 
y=L F P F 
z=0 F F C 
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In plane axial Shear Loading: The boundary conditions used here are similar to those 
used by Nedele and Wisnom [ 14] in a previous work intended to investigate the 
response of unidirectional composite subjected to axial shear loading. For an accurate 
representation of pure shear loading, the surfaces y0, y=L, and z- -, 
T3 were all 
restrained in the y- and z-directions and can only move in the x-direction. The surface 
z=0 is restrained in all directions. An additional boundary condition for the unit cell is 
that the u-, v- and w-displacements of all nodes with the same y- and z-coordinates 
must be equal and independent of the nodal x-location. These boundary conditions are 
summarized in Table 5. Then a unit shear stress is applied to the plane z-- 
43- L to find 
the shear strains. The resulting deformation is shown in Fig. 16. The in-plane axial 
shear modulus G12 can be calculated from the resulting shear strain y. 
Table 5 Boundary Conditions for in-plane axial shear loading 
Plane x y z 
x=0 F F F 
x=1 F F F 
Y-0 F C C 
y-L F C C 
z=0 C C C 









Fig. 16 Resulting shear deformation in unit cell. 
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7. Results and Discussion 
The ply properties calculated using SCFMM and FEBMM are listed in Table 6 and 
compared to the experimental data available for the fully cured (glassy) composite. 
The close predictions of the glassy properties by both methods demonstrate the 
validity of the micromechanics models. The predictions for the glassy E,, = E33 are 
close to the experimental data. However, both methods overpredict the G, Z = G . 
The 
glassy Poisson's ratio v23 is predicted closely using FEBMM. As for vz3 'with resin 
rubbery Poisson's ratio v=0.5, the contraction in the fibre direction due to the applied 
stress in the 2-direction is inhibited due to the presence of the fibres and all the 
contraction is restricted to the 3-direction, and v23 should be about 1, which is 
predicted accurately by FEBMM, but underpredicted by SCFMM. The glassy CTE in 
the through-the-thickness direction is overpredicted by both methods, whereas 
through-the-thickness cure shrinkage strain is very accurately predicted by both 
methods. 
Table 6. Comparison of the composite material properties obtained by two 
micromechanics approach and experimental data. 
SCF MM FEB MM EXP. 
Property Unit Rubbery Glassy* Rubbery Glassy* Glassy 
Ell MPa 131000 133000 - - 135000 
E,, = E33 MPa 122 9130 165 9480 9500 
G1, = G13 MPa 41.1 5210 44.3 5490 4900 
G23 MPa 37.2 3210 41.6 3272 4900 
v12 = v13 - 0.327 0.272 0.346 0.271 0.3 
v23 - 0.639 0.465 0.982 0.448 0.45 
a22 tc/°C - 39.9 - 40.0 32.6 
E22 re % 0.47 - 0.45 - 0.48 
SCFMM, based on resin properties predicted by GIM enables the prediction of the 
composite properties continuously throughout the MRCC. A FORTRAN code has 
been developed to generate look-up tables for multiple time incrementation Finite 
Element simulation of the manufacturing of composite parts. On the other hand using 
FEBMM, which is believed to give more accurate predictions, the composite 
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properties in the gelled state before vitrification and in the glassy state are predicted in 
a discrete manner to use in a three-step finite element model which models the 
composite passing through discrete viscous, rubbery and glassy states. 
Several points could be raised about the validity of the micromechanics assumptions. 
Micromechanics models assume that the fibres are dispersed evenly in the matrix and 
they are aligned perfectly along the fibre direction. Observations on virgin prepregs 
show that the fibres have an initial waviness exacerbated by forcing them to conform 
to bent shapes like tight corners. They are grouped as tows in the prepreg where the 
fibre fraction is higher. Furthermore, fibre waviness and intermingling may result in 
higher shear moduli. There are some models in the literature, which takes into account 
the effect of fibre waviness on elastic properties [15-17]. 
Furthermore, the micromechanics models assume that since the fibres are very stiff in 
the longitudinal direction, there is little or no cure shrinkage in the fibre direction and 
all the shrinkage takes place in the through-the-thickness and lateral in-plane 
directions. When the resin modulus is very low, given the fibre waviness, the fibres 
may micro-buckle giving a shrinkage strain in the fibre direction. This phenomenon is 
observed in thermoplastic composites [18]. 
During the COMPAVS program, experimental measurements of the development of 
resin and composite moduli throughout the MRCC have not been done, and all 
modelling efforts are based on the micromechanics predictions based on resin 
properties predicted by GIM. Since there are several modelling assumptions and 
variables in this approach, the validity of the properties predicted should be verified 
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A. 1 Calculation of Elastic Constants 
Given as inputs the transversely isotropic mechanical properties of the fibres (Ef,,, 
Ef33, Gfi3, VfJ3, and vn3 given in Table 3), the properties of the isotropic resin (E vr) 




(A. 1) = fll ) 
(kf -Gr)kr +(kf -kr)GrVf 
Er 
Gl 
2(1 + Vr) 
(A. 2) 
=I E22 _ E33 (1/4kT)+(1/4G23)+(vi/EII) 
(A. 3) 
GGG 
(Gf12 +Gr)+(Gf12- G, )Vf (A. 4) - 13 -r) 
(Gf12 +Gr)-(G. 112 -Gr)V. f 
G23 __ 
Gr [kr (Gr + G123) + 2G f23G, + k, (G121 - Gr )Vj } (A. 5) 






V12 - V13 -Vf12Vf +Vr(l-Vf)+ 
(Vr-Vf12)(kr-kf)Gr(1-Vf)Vf 
(A. 7) 
ýkf +Gº)kr +(kf -kº)GºVr 
V23 - 
2E>>kr -EiiEzz -4y z 13krEzz (A. 8) 
2E,, kr 
In the above, k, is the so-called `isotropic plane strain bulk modulus' defined as: 
_E kr 2(1- v- 2v2) 
(A. 9) 







and kT is the effective plane strain bulk modulus of the composite defined by: 
k(kf 
+G, )k, +(kf -k, )G, Vf (A 11) 
T (kf +G, )-(kf -k, )Vf 
A. 2 Calculation of Thermal and Cure Shrinkage Strains 
Ply strains in the material principal directions arising from strains of the constituent 
resin and fibre are calculated from the fibre and resin mechanical properties and 
strains as follows: 
To calculate cure shrinkage strains of the composite, the resin strains are set to the 
cure strains and fibre strains to 0. 
£ 
£f, E,, Vf +SrE, (1-V1) 
A. 12 
Ef,, Vf +Er(1-Vf) 
() 
62 = s3 = (E, 2 +v 112c11)V f +(C, + v. Cr)(1- Vf) 
rvj13Vf 
+ VI. (1 - Vf )sfE fI IVr 
+ s, Er (1- Vr) (A. 13) 
-L EIIVf +Er(I-Vf) 
The resin cure strains in the presence of fibres are found as follows: If the resin 
shrinkage strains are assumed to be completely constrained in the fibre direction, the 
composite shrinkage strains in the transverse and thickness directions are given as [8]: 
Cr - 
('v. 
+1 -1 l-Vf)(1+V, ) (A. 14) 
where V, is the volumetric shrinkage strain, and Vf is the fibre volume fraction, and 
vf is the Poisson's ratio of the resin. 
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APPENDIX B Available Data for Material Properties of AS4/8552 Composite 
Table Bi. Available Data for 8552 resin and AS4/8552 composite [i i]: 
Material T Property Value 
8552 RT Tensile Modulus 4670 MPa 
AS4/8552 RT Vf %57.42 
AS4/8552 -55C 0°Tensile Modulus 134 GPa 
AS4/8552 25C 0°Tensile Modulus 141 GPa 
AS4/8552 25C 90°Tensile Modulus 9.58 GPa 
AS4/8552 93C 90°Tensile Modulus 8.41 GPa 
Table B2. Thermoelastic properties of AS4 carbon fibres [9] 
Property Value 
E, 228 GPa 
E2 17.2 GPa 
V12= V13 0.2 
V23 0.5 
G12= G, 3 27.6 GPa 
G23 5.73 GPa 
alf -0.9 tcfC 
a2f 7.20 µs/°C 
The tensile modulus of AS4 carbon fibre is given as 228 GPa in the manufacturer's 
data sheet [10]. Using this value gives a tensile modulus of 133 MPa which is very 
close to the value supplied by Airbus Ltd. 
The through-the-thickness thermal expansion coefficient is also high (--40 µE/C), and 
the lateral CTE of the carbon fibres should be adjusted to take into account the 
difference. Or the difference may arise from the resin CTE for which there is no cited 
value in the literature. 
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Table B3. Airbus data for glassy properties 
Pro erty Value 
E 135 GPa 
E22 =Ell 9500 MPa 
G12 =G =G23 4900 MPa 
V12 = V13 0.3 
V23 0.45 
a 0.022 ge/C 
a22 28.0 µe/C 
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Finite element technique for predicting thermally induced 
deformations in composite laminates with single curvature, using 
shell elements 
1. Introduction 
It is well known that the spring-in effect arises in curved laminates as a result of the 
difference between the through-thickness and in-plane thermal expansion coefficients. 
However there are also other modes of deformation. In his research Myer discusses thermally 
induced twist in graphite-epoxy tubes [1]. It was shown that balanced and symmetric 
laminates, contrary to intuition, exhibit twist when the temperature change was applied. It will 
be presented in this report that curved open sections exhibit not only spring-in and twist but 
also axial bending. Both twist and axial bending arise due to the small differences in the radial 
position between symmetric plies. 
This report presents an efficient finite element technique for predicting thermally induced 
deformations in composite laminates with single curvature, using shell elements. A 3D brick 
model of a 1-degree segment from the corner of the curved laminate was created. The model 
has three degrees of freedom: spring-in, twist and axial bending. After constraining all 3 
degrees of freedom and applying a change of the temperature, the model returns 3 forces, 
which are then applied, to the shell model. In this way the deformation of the laminate can be 
predicted in a short time with the accuracy comparable to the analysis based on the 3D brick 
elements. 
2. Description of the 3D slice 
A 3D brick model represents 1-degree segment from the corner of the curved laminate. The 
model is based on the ABAQUS 8 noded brick elements. Each ply of a lamina is represented 
by a single element. The boundary conditions were assigned to the model as shown in figure 1. 
The model has 3 degrees of freedom: spring-in, axial bending and twist. Axial bending occurs 
as a rotation of the surface S2 around axis 2 and twist as a rotation of the surface S2 around 
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axis 3. Both the twist and axial bending are controlled by the node n,, which was linked with 
nodes a, b, a', b' using the *DISTRIBUTING COUPLING option. *DISTRIBUTING 
COUPLING constrains the motion of a surface to the motion of a single point allowing for the 
in plane deformations. 
Spring-in occurs as a relative change of the angle between lines a-b and a'-b'. The moment, 
which is generated by the spring-in effect, is measured using a connector type beam, defined 
between nodes n3 and n4. Nodes n3 and n4 are linked with rotations of line a-b and a'-b' 
respectively using *distributing coupling. The same constraint was used for S1. 
To prevent rotation of the surface S2 around axis 1, displacement in the 3rd direction for node 
a was coupled with displacement of the node a'. The same coupling was applied to nodes b 
and b' respectively. To avoid the edge effect a slider was defined for all nodes lying in 
between nodes a-b and a'-b' respectively. 
constrained from 
" ýý- rotation around axis 3 (twist), J 
and 2 (axial bending) 




(1, ', 3) 
(3) y"ý fý- constrained from 
rotaton around axis 3 (twist) 
fig. 1 Constrained 3D slice from the corner of the curved laminate. 
The constrained degrees of freedom are placed in brackets next to a node. 
Surface S2 was restrained from the movement in the 3`d direction. The twist of S1 is 
restrained at n2. 
2.1 Material 
A transversely isotropic material was defined for all elements using the ABAQUS 




The output of the model is given as 3 moments: S spring-in, T torque, and B bending. Spring- 
in is defined as bending moment per I mm. When applied to the shell model the bending 
moment has to be multiplied by the actual length of the structure. Torque is given as moment 
per I degree, hence when applied to the shell it has to be multiplied by the angle enclosed 
between the arms. Finally the output of axial bending moment is given as moment per one 
degree 
3. Shell model 
Bending moments determined by the 3D slice are applied to the edges of the shell elements as 




Fig. 2 Bending moments applied to the shell structure 
it 
The material properties for the shell elements are defined for homogeneous material with 
properties equivalent to a given laminate. Since the shells are loaded in the out-of-plane 
direction the equivalent material properties for bending were considered. It was found that a 
prediction of twist could be achieved after increasing the interlaminar shear moduli G and 
G2 to very high values. 
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There are 3 test cases presented in this report. Results from the shell-based analysis are 
compared against Abaqus 3D model. For each case the deformation of the laminate occurring 
as a result of temperature change equal to -160 C degrees is predicted. 
4.3D brick model 
The results obtained from the shell-based model were validated against ABAQUS 3D brick 
model based on C3D8 elements. Each ply of laminate was represented as singly ply of brick 
elements. Material properties were defined in the cylindrical coordinate system. The boundary 




" 100 mm 
º Restrained degree of freedom 
Fig. 3 geometry and boundary conditions of the iD brick model 
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5. Test case 1. 
Axial bending 
An unsymmetrical laminate was used to maximize the effect of axial bending. A 45-degree, 
100mm long section was modelled. The boundary conditions and geometry of the model is 
shown in the figure below. 
Laminate configuration: [90,0,90,0,90,0,90,0,0,90,0,90,0,0,0,0]T 
Total laminate thickness: 4 mm 
Inner radius r; = 12 mm 
Outer radius ro 16 mm 
Equivalent material properties: 
Ex = 9.28E+4 MPa 
Ey = 5.24E+4 MPa 
Nuxy =3.09E-2 
Gxy = 4.90E+3 MPa 
Predicted amount Predicted amount of 
of spring-in bending mm 
degrees 
3D brick model 0.036 0.574 
Shell model 0.035 0.578 
5.1 Test case 2 
Twist 
To maximize the effect of twist an unsymmetrical laminate was used. The laminate consists 
of 15 plies of unidirectional material and a single 45-degree ply placed on the outer surface. 
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Laminate configuration: [90is, 451T 
Total laminate thickness: 4 mm 
Inner radius r; = 12 mm 
Outer radius r,, = 16 mm 
Equivalent material properties: 
Ex=1.21 E+4MPa 
Ey = 1.16 E+5 MPa 
Nuxy =4.13 E-1 
Gxy = 7.99E+3 MPa 
Predicted amount Predicted amount of twist 
of spring-in degrees/100mm 
degrees for 90 
de ree section 
3D brick model 0.44 5.84 
Shell model 0.46 5.6 
As a result of this analysis it was found that the correlation between 3D and shell model can 
be achieved only after increasing the shell interlaminar shear modulus. In the presented model 
the value of G13 and G23 was equal to 4.9 E+9. There is no good explanation for this kind of 
behaviour observed in the shell elements. It was expected that interlaminar shear modulus 
should not affect the prediction of the twist. Further work will be performed to give a better 
understanding of this effect. 
5.3 Test case 3 
Radius to thickness ratio 
The effect of thickness to radius ratio was examined. A balanced and symmetric laminate was 
used for this purpose. The thickness of the laminate was kept constant and the radius was 
varied between 10 and 102 mm. 
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Laminate stacking sequence: [-45,90,45,0, -45,0,45,0], 
Equivalent material properties: 
E , =4.13E+4 
M pa 
E,. =5.12E+4 Mpa 
G, )=2.15E+4 
Mpa 
Nu, =3.97E- I 






Amount of twist 
(3D model) 
Degrees/ I00mm 
Amount of twist 
shell model 
Degrees/100mm 
10 0.553 0.559 0.303 0.35 
14 0.521 0.526 0.17 0.19 
58 0.534 0.533 0.045 0.049 
102 0.512 0.520 0.029 0.033 
















10 14 58 102 
radius rrm 
Fig. 4 The effect of the radius on the predicted amount of spring-in 





A finite element analysis of thermally induced distortions in laminates with single curvature 
was performed. It was shown that shell elements with externally applied forces can 
successfully predict spring-in, bending and twist which arise in a curved laminate as a result 
of temperature change. 
In most cases the discrepancy between the 3D brick and shell model results is not greater then 
5 %. The differences between results increase when the thickness to radius ratio is bigger, and 
when the laminate is not symmetric. The best correlation was achieved for a laminates with a 
balanced and symmetric stacking sequence. 
When predicting the twist, the value of the interlaminar shear moduli G13 and G23 has to be 
increased in order to achieve a good correlation between the 3D brick and shell models. 
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